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In  a  time  of  unprecedented  change  in  environmental,  geopolitical  and  socio-economic  world  affairs,  the 
search  for  new  energy  materials  has  become  a  topic  of  great  relevance.  Sodium  borohydride,  NaBH4, 
seems  to  be  a  promising  fuel  in  the  context  of  the  future  hydrogen  economy.  NaBH4  belongs  to  a  class 
of  materials  with  the  highest  gravimetric  hydrogen  densities,  which  has  been  discovered  in  the  1940s 
by  Schlesinger  and  Brown.  In  the  present  paper,  the  most  relevant  issues  concerning  the  use  of  NaBH4 
are  examined.  Its  basic  properties  are  summarised  and  its  synthesis  methods  are  described.  The  general 
processes  of  NaBH4  oxidation,  hydrolysis,  and  monitoring  are  reviewed.  A  comprehensive  bibliometric 
analysis  of  the  NaBH4  publications  in  the  energy  field  opens  the  discussion  for  current  perspectives 
and  future  outlook  of  NaBH4  as  an  efficient  energy/hydrogen  carrier.  Despite  the  observed  exponential 
increase  in  the  research  on  NaBH4  it  is  clear  that  further  efforts  are  still  necessary  for  achieving  significant 
overchanges. 
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1.  The  overall  energy  scene 

The  mastery  of  energy  has  always  been  the  key  to  a  better  world. 
Energy  can  be  defined  as  an  abstract  quantity  that  manifests  itself  in 
many  forms,  e.g.,  chemical,  electrical,  mechanical,  radiant,  nuclear, 
and  thermal  energy.  In  an  electric  vehicle,  for  example,  a  battery 
is  used  to  convert  chemical  energy  into  electrical  energy,  which 
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is  then  converted  to  mechanical  energy  by  a  motor.  The  scien¬ 
tific  use  of  the  term  “energy”  was  introduced  by  Thomas  Young 
(1773-1829)  who  provided  the  most  astute  definition  to  date,  as 
“energy  is  the  ability  to  do  work”.  It  is  commonly  understood  that 
“work”  means  the  application  of  effort  to  accomplish  a  task,  and  the 
rate  at  which  work  is  performed  is  called  “power”.  Thus,  machines 
consume  energy,  perform  work,  and  provide  power  [1  ]. 

Until  the  advent  of  the  Industrial  Revolution  in  the  1 8th  century, 
humankind  derived  its  power  mainly  from  its  own  exertions,  from 
animal  muscle  (horses,  oxen,  camels),  from  the  wind  (windmills 
and  sailing  ships),  and  from  water  (watermills).  Even  with  these 
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limited  resources,  however,  some  humankind’s  achievements  were 
remarkable. 

Sources  of  power  began  to  change  with  the  development  of  the 
“atmospheric”  engine  in  the  early  18th  century  by  Thomas  New¬ 
comen  ( 1 663-1729),  who  was  inspired  by  the  earlier  work  of  Denis 
Papin  (1647-1712)  and  Thomas  Savery  (1650-1716). 

James  Watt  (1736-1819)  subsequently  recognised  that  the 
“atmospheric”  engine  was  very  inefficient  -  energy  was  wasted  by 
having  to  reheat  the  cylinder  after  each  stroke  of  the  piston.  Watt 
solved  this  problem  using  a  separate  condenser  and  driving  the 
engine  by  the  pressure  of  steam  itself.  Thus,  in  1769,  he  patented 
the  first  real  “steam”  engine,  which  offered  superior  performance 
in  terms  of  both  energy  efficiency  and  economy.  By  the  early  19th 
century,  steam  was  also  replacing  water  to  power  cotton  mills  and 
The  Times  newspaper  was  printed  in  London  on  a  steam  press  as 
early  as  1814.  Thus,  such  engines  turned  steam  into  a  universal 
source  of  power  and  heralded  the  beginning  of  the  fossil-fuel  age. 
By  the  end  of  the  19th  century,  there  were  steam-driven  cars  in 
London,  Paris  and  New  York  as  well  as  lorries  and  trams.  These 
competed  with  electric  vehicles  and  petrol-driven  vehicles.  Even¬ 
tually,  the  internal-combustion  engine  proved  superior,  and  steam 
vehicles  were  mostly  phased  out,  although  their  use  in  agriculture 
continued  for  at  least  another  20  years. 

Coal  was  the  first  fossil  fuel  to  be  exploited  to  produce  power.  In 
the  19th  century,  the  pyrolysis  of  coal  yielded  coal  gas  (“town  gas”), 
which  was  distributed  in  cities  for  lighting  lamps  and  cooking,  and 
coal  tar,  which  was  the  early  raw  material  for  the  organic  chem¬ 
icals  industry  (explosives,  dyes,  drugs,  etc.).  As  recently  as  1937, 
coal  accounted  for  three-quarters  of  energy  consumption  world¬ 
wide  through  its  use  as  a  fuel  for  space  heating,  cooking,  industrial 
processes,  and  transportation  (steam  trains  and  ships)  [1]. 

In  1876,  the  four-stroke  internal-combustion  engine  was  built 
by  the  German  engineer,  Nikolaus  Otto  (1832-1891),  initiating  the 
petroleum  (“oil”)  industry.  Otto’s  engines  ran  at  slow  speed  and  it 
was  not  until  1885  that  a  suitable  power  unit  for  motor  cars  (auto¬ 
mobiles)  became  available  -  the  high-speed  engine  invented  by 
Gottlieb  Daimler  (1834-1900).  Shortly  afterwards,  in  1892,  Rudolf 
Diesel  (1858-1913)  introduced  the  diesel  engine.  The  success  of 
internal-combustion  engines  operating  on  petroleum  (“gasoline”) 
was  such  that  they  rapidly  replaced  the  steam  engine  (an  external 
combustion  engine)  for  almost  all  other  applications  although,  of 
course,  steam  turbines  are  still  used  in  electricity  generation. 

Just  how  far  the  motor  car  has  come  in  a  little  more  than 
100  years  is  quite  remarkable,  although  on  the  pollution  front  we 
have  merely  replaced  one  environmental  problem  (horse  manure) 
with  another  (tailpipe  emissions).  The  20th  century  saw  the 
widespread  adoption  of  the  internal-combustion  engine  for  trans¬ 
port  and  power  applications.  The  use  of  this  engine  has  become 
so  extensive  that  a  serious  concern  has  arisen  over  the  pollution 
it  causes  in  cities,  and  also  over  its  contribution  to  global  warm¬ 
ing  through  enhancement  of  the  “greenhouse  effect”,  which  is 
attributable  in  part  to  the  carbon  dioxide  (C02)  produced  by  com¬ 
bustion  [1]. 

Another  major  change  that  took  place  towards  the  end  of  the 
19th  century  was  the  growth  of  the  electrical  industry,  initiated 
by  the  earlier  research  of  Michael  Faraday  (1791-1867)  on  electro¬ 
magnetic  induction. 

During  the  second  half  of  the  20th  century,  there  has  been 
wholesale  exploitation  of  natural  gas  -  the  third  major  fossil  fuel. 
Over  the  past  decade  or  so,  there  has  been  a  marked  swing  towards 
the  combustion  of  gas  for  the  centralised  generation  of  electricity. 
This  may  be  explained  by  the  abundance,  accessibility  and  rela¬ 
tively  low  cost  of  natural  gas,  its  convenience  of  transport  and  use, 
and  the  high  efficiency  of  the  combined-cycle  gas  turbine. 

Energy  from  the  three  great  fossil  fuels  -  coal,  petroleum  and 
natural  gas  -  has  provided  the  means  by  which  our  industry  and 


Table  1 

Primary  energy  supply  by  fuel  (%)  for  world  in  2001  and  forecast  for  2010  and  2020 
[3,4]. 


Year 


2001 

2010 

2020 

Oil 

35.0 

35.3 

37.0 

Coal 

23.3 

22.3a 

22. 6a 

Gas 

21.2 

23.1 

23.9 

Combustible  renewables 

10.9 

- 

- 

(biomass)  and  waste3 
Nuclear 

6.9 

6.2 

4.2 

Hydro 

2.2 

2.3 

2.3 

Other5 

0.5 

10.9 

10.0 

Total  (%)c 

100.0 

100.1 

100.0 

Total  (Mtoe) 

10,029 

12,100 

14,800 

a  Includes  combustible  renewables  and  waste  for  OECD  countries  only. 
b  The  2001  data  separate  out  combustible  renewables  (mostly  wood  and  dung) 
and  waste  from  “coal”;  the  IEA  predictions  for  2010  and  2020  report  this  item  for 
OECD  countries  under  “coal”,  and  for  non-OECD  countries  under  “other”;  this  some¬ 
what  curious  procedure  explains  the  apparent  increases  attributed  to  renewables, 
which  is  most  illusionary. 
c  IEA  data  have  a  rounding  error  of  0.1%. 


our  civilisation  have  steadily  progressed  since  the  Industrial  Revo¬ 
lution.  In  the  long  term,  this  is  obviously  an  unsustainable  situation 
as  fossil  fuels  are  being  extracted  at  a  rate  that  grossly  exceeds  the 
rate  at  which  they  are  laid  down.  Moreover,  the  atmosphere  will  no 
longer  accept  unlimited  combustion  of  fossil  fuels.  Consequently,  it 
will  be  necessary  to  move  away  from  fossil  fuels,  towards  sustain¬ 
able  energy  supplies  of  a  non-polluting  nature,  while  maintaining 
the  standard  of  living  of  the  developed  world  and  dramatically 
improving  that  of  developing  nations. 

Fortunately,  nature  has  bestowed  upon  us  a  bountiful  supply 
of  such  benevolent  energy,  in  the  forms  of  hydro  energy,  wind 
energy,  wave  energy,  tidal  energy,  ocean  thermal  energy,  solar 
energy,  geothermal  energy,  and  biomass.  The  task,  therefore,  is  to 
capture  and  utilise  greater  amounts  of  these  renewable  energies  in 
an  efficient  and  economical  way  so  as  to  minimise  the  environmen¬ 
tal  impact  of  energy  consumption  by  the  industry,  transportation, 
agriculture,  commerce  and  domestic  sectors. 

The  European  “World  Energy,  Technology  and  Climate  Policy 
Outlook  (WETO)”  predicted  an  average  annual  growth  rate  of  1.8% 
for  the  period  from  2000  to  2030,  for  primary  energy  worldwide 
[2].  The  International  Energy  Agency  (IEA)’s  forecast  of  the  world 
demand  for  primary  energy  in  2010  [3]  and  2020  [4]  is  shown  in 
Table  1.  Compared  with  the  situation  in  2001,  the  IEA  predicted 
a  21%  increase  in  2010  (12,100  Mtoe)  (1  Mtoe  is  1  million  tonne 
oil  equivalent)  and  a  48%  increase  in  2020  (14,800  Mtoe)  [5].  Fossil 
fuels  (oil,  coal,  natural  gas)  will  continue  to  provide  about  80-85% 
of  the  world’s  primary  energy  right  through  2020.  Oil,  in  the  form  of 
petroleum,  will  be  the  dominant  fuel  and  will  meet  35-37%  of  global 
energy  needs.  This  will  require  an  increase  in  production  from 
around  llOMbd-1  in  2020  (Mbd-1  stands  for  million  barrels  per 
day;  1  tonne  of  crude  oil  approximates  to  7.4  barrels).  This  reflects 
a  substantial  increase  in  the  demand  for  transportation  fuels.  Shell 
company,  for  example,  has  predicted  that  oil  consumption  by  road 
vehicles  in  2020  will  be  40%  higher  than  today.  But  whether  or 
not  such  increased  production  will  take  place  is,  in  part,  a  political 
question.  Nuclear  power  output  will  decline  as  a  proportion  of  the 
total  energy  supply  as  older  reactors  in  Europe  and  North  Amer¬ 
ica  are  retired.  The  apparent  increase  in  “renewables”,  categorised 
under  “Other”  in  Table  1,  is  misleading.  If  the  estimated  contri¬ 
bution  from  wood  and  dung  in  developing  nations  is  deducted,  the 
expected  contribution  from  “new”  renewable  sources  (geothermal, 
solar,  wind,  tidal,  etc.)  will  increase  from  0.5%  to  between  1%  and 
3%  of  the  total  primary  energy  supply  [1  ]. 
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At  the  start  of  the  Industrial  Revolution,  the  world  population 
was  only  a  few  hundred  million.  Today,  it  stands  at  almost  6.9  billion 
people  who  collectively  occupy  around  a  billion  dwellings,  drive 
800  million  motor  vehicles,  and  expend  much  effort  to  produce  a 
wide  variety  of  industrial  products  to  further  their  well-being.  Of 
the  two  billion  people  living  without  electric  power,  about  one  bil¬ 
lion  have  no  supplies  of  commercial  energy  in  any  form  -  not  even 
petroleum  or  diesel  oil.  These  people  operate  entirely  on  wood  fuels 
and  other  biomass  resources.  Moreover,  the  disparity  will  intensify. 
It  is  generally  expected  that  the  world  population  will  grow  to  an 
estimated  7.7  billion  in  2020,  and  90%  of  the  growth  will  take  place 
in  the  developing  nations.  Thus,  over  the  next  few  decades,  it  is  clear 
that  global  energy  supply  issues  will  move  from  the  industrialised 
to  the  developing  countries,  many  of  which  have  serious  social, 
economic,  and  environmental  problems.  Those  that  have  coal  will 
wish  to  burn  it,  despite  the  environmental  consequences. 

Of  equal  concern  are  the  destructive  effects  of  the  growing 
levels  of  energy  conversion  and  usage  on  the  earth’s  biosphere. 
In  global  terms,  the  energy  sector  is  the  single  largest  source  of 
anthropogenic  greenhouse  gases,  with  emissions  of  C02,  methane, 
and  nitrous  oxide.  At  the  local  level,  energy  use  in  motor  vehi¬ 
cles  is  a  major  contributor  to  the  degradation  of  urban  air  quality. 
The  exhaust  pollutants  include  carbon  monoxide,  nitrogen  oxides 
(NOx),  and  hydrocarbons.  Energy  use  in  large  stationary  applica¬ 
tions  such  as  power  stations  is  also  a  serious  source  of  both  sulphur 
oxides  (SOx)  and  NOx,  which  are  the  major  precursors  to  “acid  rain”. 
Fossil  fuels  are  remarkable  in  the  way  that  they  are  not  just  fuels,  but 
also  energy  stores.  Finding  an  economic  means  for  storing  energy, 
particularly  electricity,  lies  at  the  heart  of  the  renewables  problem. 

One  prime  form  of  keeping  energy  is  to  store  it  as  hydrogen, 
which  may  be  used  to  produce  electricity  in  a  fuel  cell.  Aspects  of 
hydrogen  storage  and  an  overview  of  the  chemical  hydride  tech¬ 
nologies  available  for  storing  hydrogen  are  considered  in  the  next 
section. 

2.  Hydrogen  storage 

Hydrogen  can  be  stored  as  a  compressed  gas,  as  a  liquid,  in  a 
chemical  compound  (e.g.,  chemical  hydrides  or  metal  hydrides),  or 
physically  held  within  nanoporous  structures.  A  major  element  of 
the  cost  of  most  of  these  storage  modes  (and  a  major  consideration 
in  terms  of  their  energy  efficiency)  is  the  energy  required  to  get 
the  hydrogen  in  and  out  of  the  storage  medium.  Table  2  shows 
the  cost  of  a  number  of  storage  means,  including  liquefaction,  gas 
compression  above  the  ground  and  underground,  and  chemical  and 
metal  hydrides. 

In  each  case,  the  cost  of  the  storage  method  is  dependent 
on  the  cost  of  the  requisite  energy  to  get  the  hydrogen  into  the 
required  form  for  storage,  as  well  as  on  the  scale  and  throughput, 
and  sometimes  on  the  storage  medium.  The  storage  can  add 
anything  from  0.1  €to  3.5  €kg-1  to  the  price  of  hydrogen  (Table  2), 


depending  on  the  storage  means  and  assumptions  on  these 
associated  variables. 

Compressed  gas  and  liquid  hydrogen  storage  technologies  are 
the  current  state-of-the  art,  but  more  compact  means  of  stor¬ 
ing  hydrogen  are  needed  for  portable  and  mobile  applications. 
Solid-state  hydrogen  storage  materials  would  appear  to  be  a  very 
promising  solution.  However,  they  have  in  general  low  gravimetric 
capacity  and,  therefore,  there  has  been  a  growing  interest  in  the  use 
of  complex  hydrides  of  the  type  of  Na+[AHX]_,  where  A  represents 
boron  or  aluminium. 

Sodium  and  lithium  borohydrides  are  well-known  reducing 
agents  that  are  used  in  organic  chemistry.  For  hydrogen  storage, 
the  aluminium  salts  NaAlH4  and  Na3AlH6  (the  so-called  “alanates”) 
are  the  preferred  reagents.  Thermal  decomposition  of  NaAlH4  takes 
place  in  two  steps,  i.e., 


3NaAlH4  - 

>  Na3AlH6  +  2Al  +  3H2 

(1) 

Na3AlH6  - 

►  3NaH  +  Al  +  3/2H2 

(2) 

These  reactions  are  reversible  at  elevated  temperatures  and 
pressures.  The  first  step  (Eq.  (1))  at  323-373  K,  corresponds  to 
the  release  of  3.7wt.%  hydrogen  and  the  second  step  (Eq.  (2)),  at 
403-453  K,  to  a  further  1 .9  wt.%  hydrogen.  Research  has  shown  that, 
in  the  presence  of  a  titanium  catalyst,  the  temperature  for  discharge 
and  recharge  of  hydrogen  may  be  brought  down  to  acceptable  lev¬ 
els.  Titanium-catalysed  Na[AlH4]  has  thermodynamic  properties 
that  are  comparable  with  those  of  classic  low  temperature  hydrides 
(e.g.,  LaNi5H6  and  TiFeH).  Moreover,  even  if  only  the  first  step  (Eq. 
(1))  can  be  utilised,  the  gravimetric  hydrogen  storage  of  NaAlH4  is 
still  more  than  that  offered  by  AB,  AB2  or  AB5  hydrides.  By  contrast, 
Na3  A1H6  requires  higher  temperatures  for  hydrogen  liberation  and 
might  be  useful  to  non-fuel  applications  such  as  pumping  and  heat 
storage.  There  are  also  complex  hydrides  based  on  transition  met¬ 
als,  e.g.,  Mg2FeH6.  In  most  cases,  they  have  low  reversibility.  The 
possibility  of  overcoming  this  limitation  through  development  of 
efficient  catalysts  awaits  further  research. 

Sodium  borohydride,  NaBH4,  is  stable  until  about  673  K  and  is, 
therefore,  not  suitable  for  providing  hydrogen  through  a  thermal 
activation  process.  It  does  release  hydrogen,  however,  on  reaction 
with  water,  as  described  by  Eq.  (3). 

NaBH4  +  2H20  ->  NaB02+4H2  (3) 

The  borohydride  hydrolysis  reaction  is  irreversible,  but  has  the 
advantage  that  50%  of  the  hydrogen  comes  from  the  water  -  in 
effect,  NaBH4  is  a  “water-splitting”  agent.  Based  on  the  mass  of 
NaBH4,  the  hydrogen  released  corresponds  to  21  wt.%  -  a  remark¬ 
ably  high  figure.  Several  of  these  so-called  “chemical  hydrides”,  e.g., 
CaH2,  LiAlH4,  LiH,  LiBH4,  KH,  MgH2,  NaH,  are  being  evaluated  for 
their  reactivity  with  water.  One  approach  to  preparing  the  stor¬ 
age  medium  is  to  mix  the  hydride  with  light  mineral  oil  and  a 
dispersant  to  form  an  “organic  slurry”.  The  oil  coats  the  hydride 


Table  2 

Costs  for  various  hydrogen  storage  technologies  [6]. 


Technology 

Transition  scenario3 

Cost  range5,  €kg_1  H2 

Comments 

Liquefaction  (>45  kg  h-1 ) 

CHT,  UH 

0. 8-1.2 

Cost  highly  dependent  on  scale,  efficiency,  cost  of  electricity 

Compressed  gas  (<1  week)c 

CHT,  UH,  ES 

p 

1 

0 

In 

a 

For  stand-alone  (i.e.,  not  on-board)  storage  only;  strong  economies  of  scale 

Bulk  underground 

CHT,  UH 

0.1 -0.2 

Costs  rise  with  increased  storage  time/reduced  throughput 

Chemical  hydrides 

CHT,  UH,  ES 

1.2-1.9e 

Large  economies  of  scale,  figures  apply  to  3.6  kto-9  Mto  H2 ;  on-board  storage 

Metal  hydrides 

CHT,  UH,  ES 

0.3-3.5 

For  storage  times  of  1-14  days;  on-board  storage 

Methanolf 

SLF 

n/a 

Cost  not  calculated:  methanol  can  be  produced  from  sources  other  than  H2 

a  Four  scenarios:  synthetic  liquid  fuels  (SLF);  central  hydrogen  for  transport  (CHT);  ubiquitous  hydrogen  (UH);  electricity  stores  (ES). 
b  Assuming  that  1  €=  1.3  US$. 

c  Storage  times  of  less  than  1  week;  cost  rises  with  storage  because  H2  throughput  is  reduced. 
d  One  estimate  is  as  high  as  1.2€kg-1  H2;  storage  pressure  not  given  in  source. 
e  INCLUDES  some  energy  and  costs  which  could  be  regarded  as  H2  production. 
f  NOT  included  in  source  table,  but  elsewhere  in  source. 
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particles  and  protects  them  from  inadvertent  contact  with  water, 
and  also  moderates  the  reaction  rate  of  the  hydride  with  water 
when  desired. 

The  downside  of  using  chemical  hydrides  is  that  the  spent  solu¬ 
tion  has  to  be  returned  to  a  processing  plant  for  regeneration  of  the 
hydride.  From  the  standpoint  of  mass,  volume  and  cost,  however, 
the  system  appears  superficially  to  be  attractive  as  a  hydrogen- 
storage  scheme  for  fuel-cell  vehicles  (FCVs).  For  example,  Daimler 
AG  has  demonstrated  that  a  NaBH4  system,  developed  by  Mille¬ 
nium  Cell  in  the  USA,  can  provide  a  minivan  (the  “Natrium”)  with  a 
range  of  480  km.  Much  will  depend  on  the  difficulty  and  cost  of  the 
reprocessing  operation.  At  the  service  station,  instead  of  refuelling 
with  hydrogen  gas,  the  vehicle  would  have  its  tank  emptied  and 
refilled  with  fresh  hydride  slurry.  This  is  similar  to  the  procedure 
proposed  for  the  zinc-air  traction  battery. 

Organic  liquids,  such  as  cyclohexane  or  methanol,  and  nanos- 
tructured  materials  are  other  possible  approaches  to  chemical 
storage  of  hydrogen,  but  borohydrides,  namely  sodium  borohy- 
dride,  with  their  enormous  potentialities  as  hydrogen  storage 
materials  and  as  fuels,  are  considered  a  topic  requiring  further 
attention.  This  is  the  main  subject  of  the  present  paper,  to  be 
detailed  in  the  following  sections. 


3.  Synthesis  of  sodium  borohydride 

Borohydrides  belong  to  a  class  of  materials  with  the  highest 
gravimetric  hydrogen  densities.  There  are  many  types  of  borohy¬ 
drides  depending  on  the  composition  of  M,  B  and  H,  e.g.,  M(BH4)n, 
M(B3H8)n,  M(B6H6)n,  M(B9H9)n  and  M(B12H12)n  [7]. 

Here,  we  focus  on  sodium  borohydride,  NaBH4,  which  has  a 
hydrogen-rich  anion,  the  borohydride,  BH4_,  which  is  similar  to 
A1H4_  (alanate)  in  NaAlH4.  Moreover,  NaBH4  has  a  higher  gravi¬ 
metric  hydrogen  density  than  NaAlH4,  due  to  B  being  lighter  than 
Al.  On  the  other  hand,  NaBH4  does  not  release  hydrogen  by  the 
same  reaction  pathways  of  alanate,  e.g.,  NaAlH4  to  Na3AlH6.  There¬ 
fore,  confirmation  of  similarity  and  difference  between  NaBH4  and 
NaAlH4  is  important. 

NaBH4  is  not  a  new  compound  since  it  was  discovered  in  the 
1940s  [8].  In  fact,  the  first  report  of  a  pure  alkali  metal  borohydride 
appeared  in  1 940  by  Schlesinger  and  Brown  who  synthesised  LiBH4 
by  the  reaction  of  ethyllithium  with  B2H6  [9].  The  direct  reaction 
of  the  corresponding  metal/metal  hydride  with  diborane  in  ethe¬ 
real  solvents  under  suitable  conditions  produces  high  yields  of  the 
borohydride  compound  [10-12]: 
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Fig.  1.  Evolution  of  the  number  of  publications  regarding  the  synthesis  of  NaBE^: 
(a)  journal  papers  and  (b)  patents. 


21st  century,  caused  by  the  recent  demand  for  alternative  energy 
power  sources  (Fig.  lb). 

Industrial  production  of  NaBH4  using  the  Brown-Schlesinger 
process  is  carried  out  by  the  reaction  of  extremely  fine  sodium 
hydride  with  trimethyl  borate  in  high  boiling  hydrocarbon  oil  at 
about  523-553  K  [14,15]: 


2MH  +  B2H6^  2MBH4  (M  =  Li,  Na,  K)  (4) 

Schlesinger  and  Brown  also  discovered  NaBH4  in  1940,  while 
leading  a  team  that  developed  metal  borohydrides  for  wartime 
applications,  but  their  work  involving  NaBH4  was  classified  and 
published  in  a  scientific  journal  only  in  1953  [10,13,14],  although  a 
patent  had  been  granted  3  years  before  [15]. 

Thus  far,  about  1 00  methods  for  preparation  of  NaBH4  have  been 
suggested  in  the  last  60 years.  Fig.  la  shows  that  the  number  of 
published  papers  concerning  the  synthesis  of  NaBH4  has  seen  a 
considerable  increase  in  the  last  decade  [10,13,14,16-51],  mainly 
due  to  the  recent  wave  of  interest  on  NaBH4  for  energy  systems. 
Besides  the  papers  in  scientific  journals,  and  given  the  importance 
of  achieving  a  cheap  method  for  NaBH4  production,  it  seems  natural 
that  many  patents  have  also  been  published  on  this  matter.  Fig.  lb 
shows  that  over  78  patents  have  been  granted  to  processes  that 
claim  the  NaBH4  synthesis  [  1 2,15,52-127].  It  is  interesting  to  notice 
the  occurrence  of  two  separate  time  periods  with  high  number  of 
patents  on  the  NaBH4  synthesis:  the  first  one  was  in  the  sixties, 
following  the  NaBH4  discovery;  the  second  peak  was  already  in  the 


4NaH  +  B(OCH3)3^  NaBH4  +  3NaOCH3  (5) 

The  other  industrial  NaBH4  synthesis  process  was  developed 
by  Bayer  and  uses  finely  grounded  borosilicate  glass,  sodium  and 
hydrogen  [17]: 

Na2B407  +  7Si02  +  16Na  +  8H2  -*  4NaBH4  +  7Na2Si03  (6) 

The  NaBH4  material  is  then  extracted  from  the 
borohydride-silicate  mixture  with  liquid  ammonia  under  pressure. 

Different  approaches  to  the  synthesis  of  NaBH4  have  recently 
been  reviewed  by  Santos  and  Sequeira  [51].  They  consider  syn¬ 
thetic  processes  that  are  or  have  been  in  operation  on  an  industrial 
scale;  potential  routes  based  on  direct  use  of  carbon,  hydrocar¬ 
bons,  or  hydrogen  reducing  agents;  multi-step  thermochemical 
reaction  pathways  that  were  developed  to  address  the  inadequa¬ 
cies  of  the  former  direct  reactions,  and  which  take  advantage 
of  the  characteristic  disproportionation  chemistry  of  boron  com¬ 
pounds;  reaction  pathways  that  use  metals  as  reducing  agents; 
and  alternative  energy  sources  such  as  microwaves  and  nuclear 
radiation. 
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In  essence,  the  Brown-Schlesinger  and  Bayer  processes  are  both 
electrochemical  in  nature,  given  that  the  majority  of  the  energy 
needed  to  make  NaBH4  is  introduced  into  the  system  in  the  form 
of  electricity  used  to  make  sodium  metal. 

As  done  for  the  thermal  reaction  processes,  it  makes  sense 
to  discuss  the  most  desirable  electrochemical  reactions  for  the 
NaBH4  synthesis,  and  then  examine  their  flexibility.  Cooper  [87], 
Hale  and  Sharifian  [89],  Sharifian  and  Dutcher  [90],  Sun  and 
Liang  [100],  and  Guilbault  et  al.  [106]  are  among  those  who  have 
reported  the  electrochemical  conversion  of  borate  to  borohydride 
in  aqueous  media,  but  studies  by  Gyenge  and  Oloman  [18]  and 
by  Calabretta  and  Davis  [28]  failed  to  verify  that  any  borohy¬ 
dride  was  synthesised  in  the  electrochemical  systems  used  by 
Cooper,  Hale  and  Sharifian  [87,89,90].  NaBH4  electrosynthesis 
attempts  in  aqueous  media,  molten  salts,  and  ionic  liquids  have 
also  been  carried  out  in  our  laboratory  [51  ],  as  briefly  summarised 
hereinafter. 

The  electrosynthesis  of  NaBH4  in  aqueous  media  has  been 
attempted  in  a  two-compartment  electrolytic  cell  using  alkaline 
catholyte  solutions  containing  sodium  metaborate  (NaB02),  or 
sodium  tetraborate  (Na2B407 ),  with  and  without  hydrogen  poisons 
(e.g.,  thiourea),  sodium  hydroxide  aqueous  anolyte  solutions,  and 
Nation  117  and  other  permselective  membranes  to  separate  the 
two  compartments.  Platinum,  palladium,  cadmium,  nickel,  gold, 
zinc,  lead,  mercury,  graphite,  stainless  steel  and  other  materials, 
were  tested  as  cathodes.  As  for  the  anode  material,  nickel,  platinum, 
graphite  and  stainless  steel,  were  used.  The  polarisation  behaviour 
of  the  electrodes  was  controlled  to  guarantee  that  cathode  poten¬ 
tials  more  negative  than  the  discharge  potential  required  for  the 
borohydride  production  (<-1.46V  vs.  SHE)  were  attained  during 
the  electrolytic  operation  [51]. 

The  aqueous  electrosynthesis  of  NaBH4,  starting  from  NaB02,  is 
described  by  the  overall  reaction  shown  in  Eq.  (7), 

NaB02+2H20  ->  NaBH4  +  202  (7) 

with  the  cathodic  and  anodic  partial  reactions  being  given  by 
Eqs.  (8)  and  (9),  respectively. 

NaB02+6H20  +  8e“  NaBH4  +  80H“  (E°  =  -1 .24  V  vs.  SHE) 

(8) 

80H-  -*■  202  +4H20  +  8e“  (E°=  0.40  V  vs.  SHE)  (9) 

Assuming  that  the  applied  cathodic  overpotential  is  sufficient 
to  achieve  complete  conversion  of  the  NaB02  into  NaBH4  within 
the  test  solution,  and  there  are  no  side  reactions  (e.g.,  hydrogen 
evolution  and/or  borohydride  hydrolysis),  the  integrated  charge 
is  expected  to  rise  asymptotically  with  time  towards  a  value  of 
znF  (z  is  the  number  of  moles  of  transferred  electrons  -  8  -  per 
mole  of  NaB02,  n  is  the  number  of  moles  of  NaB02  present  and  F 
is  Faraday’s  constant). 

Regarding  the  NaBH4  electrosynthesis  attempts  in  molten 
salts,  the  analysis  of  the  most  suitable  electrolytes  for  the  reac¬ 
tion  medium  revealed  that  NaOH  should  be  part  of  the  molten 
electrolyte.  NaOH  provides  the  OH-  ions  for  the  oxidation  at  the 
anode,  the  Na+  ions  for  the  ionic  conduction  through  the  separator, 
stabilises  the  produced  NaBH4  in  the  catholyte,  and  enables 
the  preparation  of  low  melting  point  eutectic  compositions  for 
the  NaB02  electrolysis.  A  eutectic  mixture  composed  of  NaOH 
(51%)  +  KOH  (49%)  (in  molar%),  having  a  melting  point  of 443  K,  was 
used  as  the  molten  electrolyte  medium  for  the  NaBH4  synthesis. 
This  system  showed  problems  concerning  the  electrodes’  stability, 
need  for  controlled  atmosphere,  nature  of  the  metal  electrocata¬ 
lyst,  the  type  of  the  separator  material,  and  water  contamination, 
among  others. 


Table  3 

Physical  and  chemical  properties  of  sodium  borohydride. 


Appearance 

White  to  grey-white  microcrystalline 
powder  or  lumps 

Odour 

Odourless 

Solubility 

Soluble  in  water;  reacts  with  hot  water 

Specific  gravity 

1.074 

%  Volatiles  by  volume  at  294  K 

0 

Melting  point 

778  K  (10  atm  H2) 

Vapour  density  (air  =  1 ) 

1.3 

The  NaBH4  electrosynthesis  reaction  has  also  been  studied  in 
ionic  liquids  medium.  Two  ionic  liquids  (octamethylimidazolium 
and  1 -butyl-1 -methylpyrrolidinium  trifluoromethanosulphonate) 
were  selected  and  characterised  as  possible  electrolyte  medium 
for  the  synthesis.  However,  both  ionic  liquids  displayed  low  ionic 
conductivity.  Moreover,  the  tested  ionic  liquids  displayed  good 
solubility  for  NaOH  and  NaBH4  but  high  insolubility  for  NaB02. 
Experience  gained  with  available  ionic  liquids  does  not  make  them 
particularly  attractive  for  bulk  electrolysis.  Nevertheless,  our  group 
at  TU  Lisbon  is  developing  ways  to  minimise  present  limitations, 
namely  by:  (i)  increasing  the  working  temperature  to  decrease  the 
ionic  liquid  viscosity;  (ii)  using  ultrasonication  to  assist  mass  trans¬ 
port;  (iii)  bubbling  nitrogen  gas  through  the  solution  to  enhance 
mass  transport;  (iv)  minimising  the  volume  of  bulk  electrolysis 
cell;  (v)  using  a  high  area  working  electrode  to  optimise  the  area  to 
ionic  liquid  volume  ratio;  (vi)  using  a  flow  cell  or  other  hydrody¬ 
namic  methods  (e.g.,  stirring)  to  enhance  mass  transport;  and  (vii) 
employing  a  mixture  of  an  ionic  liquid  and  a  low  viscosity  highly 
volatile  organic  solvent  (e.g.,  dichloromethane)  to  lower  the  vis¬ 
cosity.  The  volatile  organic  solvent  may  then  be  removed  under 
vacuum  conditions  after  completion  of  the  bulk  electrolysis  exper¬ 
iment.  It  is  believed  that  the  recent  advances  in  the  chemistry  of 
ionic  liquids  will  soon  render  an  effective  electrolytic  medium  for 
NaB02  conversion  to  NaBH4  [128]. 

Based  on  the  obtained  results,  it  is  anticipated  that  much  work  is 
still  required  to  fully  understand  how  the  electrochemical  approach 
can  be  used  in  the  synthesis  of  NaBH4. 

4.  Properties  of  sodium  borohydride 

4.2.  General 

Sodium  borohydride,  also  known  as  sodium  tetrahydridobo- 
rate  (or  tetrahydroborate),  has  the  chemical  formula  NaBH4  (CAS 
16940-66-2).  It  is  a  white  solid,  usually  available  as  a  powder  or 
confectioned  in  pellets,  that  melt  at  778 K  and  lOatm  H2.  NaBH4 
is  hygroscopic,  decomposing  slowly  at  temperatures  above  673 1< 
[129]. 

NaBH4  is  a  selective  speciality  reducing  agent  used  in  the  man¬ 
ufacture  of  pharmaceuticals,  intermediates  and  fine  chemicals. 
NaBH4  converts  aldehydes  and  ketones  into  alcohols  but,  unlike 
LiAlH4  (also  widely  used  as  a  reductant),  NaBH4  does  not  react  with 
esters,  amides,  or  carboxylic  acids. 

Table  3  presents  some  general  physical  and  chemical  properties 
of  NaBH4,  and  Table  4  shows  its  stability  conditions. 

Fig.  2  gives  an  idea  of  the  number  of  published  journal  papers 
devoted  to  the  characterisation  of  NaBH4  [130-178].  The  number 
of  papers  per  decade  has  been  relatively  constant  until  the  21st 
century,  with  a  natural  increase  in  recent  years. 

Industrially,  NaBH4  is  an  important  starting  material  for  the  pro¬ 
duction  of  other  borohydrides.  For  example,  I<BH4  is  produced  on 
an  industrial  scale  by  the  following  metathesis  reaction: 

NaBH4  +  KOH  -*  KBH4  +  NaOH  (10) 

Alkaline-earth  borohydrides,  trivalent  and  tetravalent  borohy¬ 
drides,  M(BH4)n  (M  =  alkaline-earth,  groups  3-14  in  the  periodic 
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Table  4 

Stability  of  sodium  borohydride. 

Stability 

Hygroscopic;  stable  in  dry  air  up  to  573  K; 
decomposes  slowly  in  moist  air  or  vacuum 
above  673  K 

Hazardous  decomposition 
products 

Sodium  oxide  and  hydrogen  gas 

Incompatibilities 

Reacts  with  water  to  evolve  hydrogen; 
excessive  heat  decomposes  it  to  sodium 
metaborate,  releasing  hydrogen  gas;  may  react 
slowly  or  vigorously  with  acids  or  certain 
transition  metal  catalysts  to  liberate  hydrogen; 
incompatible  with  oxidising  agents,  sulphuric 
acid,  ruthenium  salt  and  metal  salts 

Conditions  to  avoid 

Moisture,  heat,  flame,  ignition  sources,  air  and 
incompatibles 

table,  n  =  valence  of  M)  are  synthesised  by  the  metathetical  reaction, 
as  follows: 

nNaBH4  +  MXn  -*  M(BH4)„  +  nNaX  (11) 

Here,  X  =  halogen,  such  as  F,  Cl,  Br,  I.  These  metathetical  reactions 
occur  with  certain  elements  of  M,  e.g.,  group  2  (magnesium,  etc.) 
[179-181],  groups  4,  13,  etc.  For  example,  Konoplev  and  Bakulina 
[179]  have  synthesised  Mg(BH4)2  by  reaction  of  NaBH4  and  MgCl2 
in  molar  ratio  2.7-3.8:l  in  diethyl  ether  (2:1  stoichiometry).  After 
progression  of  the  metathetical  reaction  (Eq.  (1 1 )),  the  precipitated 
NaCl  is  filtered,  and  then  the  Mg(BH4)2  ether  solution  is  evacuated 
at  453 1<  in  order  to  remove  diethyl  ether. 

Multi-cation  borohydrides,  MM/(BH4)n  (M  =  alkaline  metals, 
M'  =  other  metals)  have  been  synthesised  by  the  reaction  described 
in  Eq.  (12)  [182]. 

mMBH4  +  M'Cln  ->  Mm-nM/(BH4)m  +  nMCl  (12) 

There  are  many  kinds  of  multi-cation  borohydrides  with  coor¬ 
dinated  solvents.  For  example,  multi-cation  compounds,  such  as 
Li3(BH4)(NH2)2  have  been  reported  [183].  Those  borohydrides 
might  be  useful  for  controlling  the  thermodynamic  stability,  sim¬ 
ilar  to  the  conventional  “alloying”  method  for  hydrogen  storage 
materials  [182]. 

The  solubility  of  NaBH4  in  various  solvents  is  summarised  in 
Table  5.  In  protic  solvents,  solvolysis  occurs  for  NaBH4,  and  hydro¬ 
gen  is  released  as  follows: 

NaBH4  +  4ROH  -*  NaB(OR)4  +  4H2  (13) 
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publication  year 


Fig.  2.  Evolution  of  the  number  of  publications  regarding  sodium  borohydride  prop¬ 
erties. 


Table  5 

Solubility  of  sodium  borohydride  in  various  solvents  (g/lOOg  solvent  at  298  K). 


Tb  of  solvent  (K) 

NaBH4  solubility 

Water 

373.0 

55 

Methanol 

310.7 

16.4a 

Ethanol 

351.5 

4.0a 

Isopropylamine 

307.0 

6.0b 

Diethyl  ether 

309.0 

Insol. 

THF 

338.0 

0.1c 

Diglyme 

435 

5.5 

Toluene 

384 

Insol. 

Ammonia 

239.7 

104 

DMF 

426 

18.0d 

Adapted  from  [129]. 
a  293  K,  decomposition. 
b  301  K,  decomposition. 
c  293  K,  decomposition. 

d  Dangerous  decomposition  possible  at  higher  temperature. 


Here,  ROH  is,  for  example,  methanol  or  ethanol.  Because  NaBH4 
decomposes  up  to  80%  after  1  h  in  methanol  at  273  K  (and  6%  after 
1  h  in  ethanol),  excess  NaBH4  is  used  for  this  synthesis  reaction  (Eq. 
(13)). 

4.2.  Crystal  structure 

There  have  been  many  recent  works  devoted  to  the  study  of  the 
crystal  structure  of  NaBH4  (and  other  borohydrides)  [161,172,176]. 
Some  data  on  the  crystal  structure  of  NaBH4  [151]  is  summarised 
in  Table  6. 

NaBH4  shows  NaCl-type  structure  at  ambient  conditions 
[130,151,184].  The  lattice  constants  and  distances  between  Na  and 
B  depend,  of  course,  on  the  Na  atomic  number.  However,  the  dis¬ 
tances  between  B  and  H,  i.e.,  the  size  of  the  BH4_  tetrahedra,  are 
almost  the  same,  independent  of  the  alkali  metal  (Na,  Li,  K,  Rb, 
Cs).  NaBH4  shows  structure  transition  at  low  temperature;  it  crys¬ 
tallises  in  tetragonal  PA2\nmc  below  190  K  [152].  At  6.3  GPa,  NaBH4 
has  a  structure  transition  to  tetragonal  P42i  C,  with  lattice  constants 
a  =  4.0864(1) A,  c  =  5.5966(7) A,  and  to  orthorhombic  Puma,  with 
a  =  7.33890(1)  A,  c  =  5.6334(5)  A,  at  a  pressure  of  6.3  and  8.9  GPa, 
respectively  [185]. 

4.3.  Electronic  structure 

The  electronic  structure  of  NaBH4  has  been  investigated  by  first- 
principles  calculations.  The  electronic  structure  is  non-metallic 
with  the  calculated  energy  gap  of  6.8-7.0eV  [152].  Because  there 
is  little  contribution  of  Na  orbitals  to  the  occupied  states,  Na  atoms 
are  thought  to  be  ionised  as  Na+  cations.  The  occupied  states  split 
into  two  peaks:  the  low  energy  states  are  composed  of  B-2s  and 
H-ls  orbitals  and  the  high-energy  states  consist  of  B-2p  and  H-ls 
orbitals.  A  boron  atom  constructs  sp3  hybrids  and  forms  cova¬ 
lent  bonds  with  surrounding  four  H  atoms.  The  charge  from  the 
extra  electron  needed  to  form  these  bonds  is  compensated  by  a 
Na+  cation.  This  character  is  also  confirmed  experimentally  by  syn¬ 
chrotron  X-ray  diffraction  measurement  and  maximum  entropy 
method  (MEM)  analysis  [152].  The  calculated  total  density  of  state 
(DOS)  for  NaBH4  is  displayed  in  Fig.  3  [152].  The  compound  has 


Table  6 

Crystal  structure  of  sodium  borohydride  at  room  temperature  [151  ]. 


Structure 

Cubic 

Space 

Fm-3m 

Group 

No.  225 

Lattice  constants  (A) 

a  =  6.1506(6) 

Na-B  distance  (A) 

3.0753  (3) 

B-H  distance  (A) 

1.17078  (6)  x4 

3986 


D.M.F.  Santos,  C.A.C.  Sequeira  /  Renewable  and  Sustainable  Energy  Reviews  15  (201 1 )  3980-4001 


Energy  /  eV 


Fig.  3.  Calculated  ground-state  total  DOS  for  NaBH4.  Fermi  level  is  set  at  zero  energy 
and  marked  by  the  vertical  dotted  line;  occupied  states  are  shaded. 

Adapted  from  [152]. 

finite  energy  gap  between  the  valence  and  conduction  bands. 
Hence  it  is  a  proper  insulator  with  an  estimated  band  gap  of 
-5.5  eV. 

5.  Methods  for  sodium  borohydride  monitoring 

Most  existing  methods  for  borohydride  determination  are 
neither  easy  nor  fast  [186].  These  include  hydrogen  evolution 
[132,187],  acid-base  titration  [132],  iodate  [188],  hypochlorite 
[189],  and  voltammetric  procedures  [191].  Fig.  4  shows  that  the 
number  of  published  papers  devoted  to  methods  for  the  NaBH4 
monitoring  is  not  very  large  [132,188-210]. 

The  development  of  simpler  and  faster  methods  for  NaBH4 
determination,  either  from  a  quantitative  or  from  a  qualitative 
point  of  view,  would  be  very  helpful  for  the  scientific  community 
working  in  any  applications  involving  NaBH4,  e.g.,  energy  systems 
(direct  borohydride  fuel  cells,  NaBH4  for  hydrogen  production  and 
storage),  in  NaBH4  synthesis,  for  electrodeposition  purposes,  as 
reducing  agent  in  organic  synthesis,  etc.  Our  group  has  studied 
several  typical  analytical  methods  for  NaBH4  monitoring,  as  well 
as  a  quick  and  simple  potentiometric  technique  for  the  in  situ 
monitoring  of  small  NaBH4  concentrations.  Most  of  these  meth¬ 
ods  were  initially  tested  in  our  laboratory  for  application  in  NaBH4 
electrosynthesis  studies  (Section  3). 

The  well  known  iodate  method  [189]  is  based  on  the  reaction 
of  NaBH4  with  I<103.  Addition  of  KI  and  acid  convert  the  excess 
iodate  into  iodine,  which  is  then  titrated  with  thiosulphate.  This 
volumetric  method  was  proven  to  be  extremely  time-consuming 
and  leading  to  erroneous  results,  being  promptly  abandoned. 

A  new  “hydride  hydrolysis”  test  (Fig.  5)  was  developed  based 
on  the  gasometric  measurements  of  the  hydrogen  generated 
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Fig.  4.  Evolution  of  the  number  of  publications  regarding  the  borohydride 
monitoring. 


Fig.  5.  Experimental  setup  used  for  the  gasometric  measurements  of  the  hydrogen 
generated  on  product  sample  hydrolysis  and  example  of  calibration  curve  used  for 
NaBH4  determination. 

by  the  decomposable  borohydride  product  resulting  from  the 
electrosynthesis  experiments  (Section  3),  being  assisted  by  a 
calibration  curve  for  pure  NaBH4.  This  new  method  shows  good 
reproducibility  but  requires  further  design  optimisation  to  reduce 
its  detection  limit  [51  ]. 

The  use  of  infrared  (IR)  spectroscopy  analysis  (Fig.  6)  has  shown 
that  the  three  B-H  bond  stretching  vibration  bands  observed  in  the 
NaBH4  electrosynthesis  reaction  products  [51]  are  in  good  agree¬ 
ment  to  the  ones  obtained  for  pure  NaBH4  and  with  the  values 
found  in  the  literature  [146,160,191]. 

Table  7  presents  data  taken  from  the  IR  spectra  of  the  electrosyn¬ 
thesis  product  and  of  a  sample  of  NaBH4  p.a.  The  values  obtained 
experimentally  are  compared  to  previous  data  available  in  the 
open  literature.  Although  this  method  is  able  to  detect  the  presence 
of  borohydride  in  the  electrosynthesis  products,  IR  spectroscopy 
analysis  has  the  disadvantage  of  taking  excessive  time.  In  fact,  it 
requires  full  drying  of  the  reaction  products  and  preparation  of  a 
KBr/sample  pellet  suitable  for  the  IR  spectrophotometer  [51  ]. 

The  experience  gained  on  the  monitoring  of  the  NaBH4  elec¬ 
trosynthesis  indicated  that  electrochemical  methods  should  be 
appropriate  to  follow  the  reaction  process. 

In  1999,  Amendola  et  al.  [204]  reported  the  non-destructive 
in  situ  detection  of  relatively  low  NaBH4  concentrations  by  an 
undemanding  method  that  is  in  essence  a  potentiometric  titra¬ 
tion  technique.  The  method  was  simply  based  on  the  change  of 
the  open  circuit  potential  (OCP)  of  a  given  metal  with  the  NaBH4 
concentration. 

In  the  majority  of  potentiometric  measurements,  the  potential 
of  one  electrode  is  kept  constant,  with  this  electrode  being  referred 
to  as  the  reference  electrode.  The  second  electrode  responds  to  the 
activity  or  concentration  of  the  species  contained  in  the  solution 
under  investigation  and  is  referred  to  as  the  indicator  electrode. 
Amendola  et  al.  [204]  used  platinum,  rhodium,  and  cobalt  as  metal 
indicator  electrodes. 


Table  7 

B-H  bond  stretching  vibrations  for  sodium  borohydride. 


v  (B-H)/cm_1 

Electrosynthesis  product 

2225,2293,2359 

NaBH4  p.a. 

2224,  2290,  2387 

NaBH4  [191] 

2229,  2305,  2400 

NaBH4  [146] 

2217,  2284,  2404 

NaBH4  [160] 

2216,  2282,2396 

NaBH4-2H20  [160] 

2221,2268,2380 
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Fig.  6.  Infrared  spectra  taken  for  NaBH4  p.a.  (a),  and  for  the  electrosynthesis  reaction 
product  obtained  in  aqueous  medium  (b). 


In  order  to  develop  the  method  originally  proposed  by  Amen- 
dola  et  al.  [204],  several  materials  (e.g.,  Pt,  Pd,  Cd,  Au,  Cu,  Ni,  Fe, 
AISI 304  stainless  steel,  Zn,  Mo,  Nb,  graphite,  and  Si)  were  tested  as 
indicator  electrodes  for  NaBH4  monitoring  [209].  It  was  shown  that 
the  materials  whose  OCP  is  significantly  different  when  immersed 
in  NaOH  supporting  electrolyte  with  or  without  NaBH4  may  be 
candidate  indicator  electrodes  for  application  in  a  novel  borohy- 
dride  microelectrode  sensor.  The  potentiometric  procedure  for  a 
gold  (Au)  indicator  electrode  led  to  the  curve  shown  in  Fig.  7. 

Fig.  7  shows  that  the  Au  OCP  starts  to  decrease  for  NaBH4  con¬ 
centrations  above  10~2M,  with  an  OCP  response  range  of  about 
1  V.  Similar  curves  were  recorded  for  other  tested  indicator  elec¬ 
trode  materials  [209]  and  available  thermodynamic  data  [211-213] 
helped  in  the  analysis  of  the  obtained  OCP-[NaBH4]  plots.  Accord¬ 
ing  to  the  NaBH4  concentration  ranges  where  the  OCP  changes  take 
place,  the  six  selected  materials  presented  in  Fig.  8  can  be  classi¬ 
fied  as  the  top  indicator  electrode  materials  for  each  specific  NaBH4 
concentration  range. 

6.  Sodium  borohydride  hydrolysis  and  dehydriding 

In  1954,  Schlesinger  et  al.  [10]  reported  that  NaBH4  reacts 
slowly  with  water  to  liberate  four  moles  of  hydrogen  per  mole 
of  NaBH4,  equivalent  to  2.51  of  hydrogen  per  gram  of  NaBH4,  at 
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Fig.  8.  Top  materials  displaying  steeper  OCP  changes  for  specific  borohydride  con¬ 
centrations  [209]. 


room  temperature.  The  reaction  (Eq.  (3))  could  be  accelerated  by 
rising  the  temperature  or  by  adding  acids/catalysts.  By  then,  the 
Schlesinger  group  had  tested  the  catalytic  effects  of  more  than  20 
acids  and  of  certain  metal  salts  (manganese  (II),  iron  (II),  cobalt 
(II),  nickel  (II),  and  copper  (II)  chlorides)  [214].  Historically,  their 
observations  have  been  crucial  because  they  have  introduced  two 
features  that  are  central  today:  NaBH4  generates  hydrogen;  and 
this  hydrogen  generation  can  be  catalytically  accelerated. 

Nowadays,  many  papers  entirely  devoted  to  the  NaBH4  hydroly¬ 
sis  have  been  published  [38,214-426].  Fig.  9  shows  that  the  focus  on 
the  borohydride  hydrolysis  suffered  an  almost  exponential  increase 
in  the  beginning  of  the  21st  century,  showing  a  maximum  of  47 
publications  during  the  year  of  2008. 

Levy  et  al.  [215]  reported  that  the  CoCl2-catalysed  hydrolysis  is 
a  first-order  reaction  with  respect  to  the  NaBH4  concentration  and 
that  an  application  of  kinetic  data  should  allow  a  precise  selection 
of  the  catalyst  concentration  required  to  give  the  desired  hydrogen 
generation  rates.  Brown  and  Brown  [216]  showed  that  many  of  the 
heavy  metals  exerted  a  powerful  catalytic  effect  on  the  hydrolysis 
of  NaBH4.  The  platinum  family  metals  were  unusually  effective, 
following  the  order  Ru,  Rh  >  Pt  >  Co  >  Ni  >  Os  >  Ir  >  Fe  »  Pd,  at  298  K. 
NaBH4  reduced  the  platinum  metals  to  the  elementary  state,  in 
a  form  which  exhibited  high  catalytic  activity  for  the  hydrolysis 
reaction.  Davis  et  al.  [217]  focused  on  the  hydrolysis  catalysed  by 
general  acids  (Eq.  (14)). 

BH4-+H30+  +  2H20  ->  H3B03+4H2  (14) 
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Fig.  7.  OCP  change  as  a  function  of  the  NaBTLi  concentration  for  an  Au  electrode  in 
4  M  NaOH  solution  at  298  K  [209]. 


Fig.  9.  Evolution  of  the  number  of  publications  regarding  the  borohydride  hydrol¬ 
ysis. 
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The  reaction  order  was  unitary  in  relation  to  the  NaBH4  concen¬ 
tration  and  unitary  to  the  concentration  of  the  acid.  Many  studies 
attempting  to  understand  the  NaBH4  hydrolysis  reaction  kinetics 
and  mechanisms  were  then  published  [217-220]. 

The  hydrogen  generation  in  other  solvents,  like  alcohols 
[403,427,428],  was  also  assessed.  Davis  and  Gottbrath  [428]  inves¬ 
tigated  the  reaction  of  NaBH4  with  methanol  (methanolysis). 
Hydrogen  gas  is  produced  according  to  Eq.  (15),  which  is,  as 
expected,  of  the  same  type  as  Eq.  (13). 

NaBH4+4CH3OH  -*  NaB(OCH3)4  +  4H2  (15) 

The  reaction  order  vs.  the  NaBH4  concentration  was  found  to  be 
of  one.  It  was  besides  reported  that  the  addition  of  an  acid  increased 
the  rate  of  methanolysis  while  basic  materials  decreased  it. 

The  generation  of  hydrogen  by  complete  dehydriding  of  NaBH4 
is  described  by  Eq.  (16)  [156]. 

NaBH4  ->  NaH  +  B  +  3/2H2  (16) 

The  dehydriding  reaction  of  NaBH4  liberates  8  wt.%  H2  at  above 
the  boiling  temperature  (838  K)  and  decomposes  into  NaH  and 
B.  The  enthalpy  change  of  the  dehydriding  reactions,  AHd,  is 
66kJmol_1  H2  [156,429,430].  The  heat  of  formation  of  NaBH4, 
AHboro,  may  be  estimated  from  the  difference  of  the  total  energies 
between  the  left  and  right-hand  sides  of  Eq.  (17). 

Na  +  B  +  2H2  ->  NaBH4  (17) 

The  bonding  character  between  Na+  and  BH4_  in  NaBH4  is 
ionic,  and  the  charge  transfer  from  Na+  to  BH4_  is  responsible 
for  the  stability  of  NaBH4.  The  ability  of  the  charge  transfer  can 
be  measured  by  the  electronegativity.  There  is  a  good  correlation 
between  AHboro  and  the  Pauling  electronegativity  of  the  metal 
cation.  This  is  0.9  for  Na,  so  the  predicted  heat  of  formation  for 
NaBH4  is  given  by  Eq.  (18). 

A  Hboro=  253.6x0.9-398.0  =  -169.8  kj  mol"1  (18) 

The  estimation  of  AHd  for  NaBH4  not  only  takes  into  account 
the  stability  of  NaBH4  but  also  the  stability  of  the  products.  There¬ 
fore,  AHd  is  estimated  using  predicted  AHboro  and  known  values 
of  AHproduct  [431  ]  (Eq.  (19)). 

AHd  =  A  Hboro  —  AHproduct  (19) 

So,  as  reported  above,  AHd  for  NaBH4  is  eekJmoH1  H2  and  the 
decomposition  temperature,  Td,  is  838  K,  which  is  the  boiling  tem¬ 
perature.  A  thermodynamic  unstable  borohydride  is  expected  only 
for  metal  cations  for  which  the  Pauling  electronegativity  is  larger 
than  1.5. 

In  the  hydriding  and  dehydriding  reactions  of  NaBH4,  not  only 
hydrogen  but  also  other  elements  should  be  diffused.  This  is  not 
the  same  as  conventional  metal  hydride  alloys  in  which  diffusion 
of  hydrogen  and  expansion  of  lattice  for  the  alloy  is  dominant.  Gen¬ 
erally,  the  fast  diffusion  of  elements  is  very  difficult  in  the  solid 
state  at  much  lower  than  the  melting  temperature.  Therefore,  the 
observed  Td  during  heating  process  seems  to  become  higher  than 
that  predicted.  Moreover,  a  hydrogen  pressure  (generally  more 
than  10  MPa)  higher  than  that  predicted  for  AHd  is  required  for 
hydriding  of  NaBH4.  This  is  why  a  high  temperature  is  required 
for  diffusion  of  elements,  at  which  high  hydrogen  pressure  should 
be  applied  for  hydriding.  Therefore,  solving  the  kinetic  problem  is 
an  important  area  of  research  in  the  use  of  complex  hydrides  as 
hydrogen  storage  materials. 

In  order  to  improve  the  reaction  kinetics,  ball  milling  and  addi¬ 
tion  effects  (doping)  have  been  investigated.  Barkhordarian  et  al. 
[27]  reported  that  the  kinetic  barriers  for  the  formation  of  NaBH4 
are  drastically  reduced  when  MgB2  is  used  instead  of  B  as  the 
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Fig.  10.  Evolution  of  the  number  of  publications  regarding  the  borohydride  oxida¬ 
tion. 

starting  material  for  the  hydriding  reaction,  with  simultaneous 
reduction  of  the  reaction  enthalpy  in  ~101<J  mol-1  H2. 

7.  Oxidation  of  sodium  borohydride 

The  oxidation  of  NaBH4  was  studied  for  the  first  time  in  1953,  by 
Pecsok  [426],  who  proposed  the  net  reaction  for  the  polarographic 
oxidation  of  the  borohydride  ion,  BH4_,  described  by  Eq.  (20). 

BH4-  +80H-  -*  B02-  +6H20  +  8e“  (20) 

The  standard  electromotive  force,  E°,  of  this  half  reaction  was 
calculated  as  being  1.21V  vs.  the  standard  hydrogen  electrode 
(SHE)  and  it  was  observed  that  the  BH4_  oxidation  was  irreversible. 
Two  years  later,  Stockmayer  et  al.  [133]  calculated  an  E°  value  of 
1.24  V  vs.  SHE.  In  1962  [432,433]  and  1992  [434]  three  more  pub¬ 
lications  dealt  with  the  BH4_  oxidation,  but  it  was  only  from  2003 
onwards  that  a  large  number  of  papers  were  published  on  the  sub¬ 
ject  (Fig.  10). 

In  fact,  during  the  last  7  years  more  than  80  papers  have  been 
published  on  exploratory  fundamental  research  on  the  NaBH4 
electrooxidation  [133,165,426,432-514].  In  our  laboratory,  we 
have  undertaken  systematic  studies  on  the  BH4_  electrooxida¬ 
tion  in  several  catalytic  and  noncatalytic  electrode  materials, 
using  various  concentrations  of  NaBH4  and  NaOH,  and  at  different 
working  temperatures  [495-497].  Well-established  electrochem¬ 
ical  methods,  namely  chronopotentiometry,  chronoamperometry, 
chronocoulometry,  and  cyclic  voltammetry,  were  used  to  better 
understand  the  BH4_  anodic  process.  As  electrode  material,  Au  was 
selected  because  of  its  high  catalytic  activity  for  the  BH4_  oxidation 
reaction  (with  a  number  of  exchanged  electrons,  n,  close  to  the  the¬ 
oretical  value  of  8 )  and  because  of  its  relatively  low  catalytic  activity 
for  the  concurrent  detrimental  BH4_  hydrolysis  reaction. 

Potential  step  experiments  [495]  were  carried  out  at  tempera¬ 
tures  ranging  from  298  to  338  K  and  imposed  potentials  from  0.05 
to  0.45  V  vs.  SHE.  The  supporting  electrolyte  was  2M  NaOH  and 
the  NaBH4  concentrations  varied  from  0.03  to  0.12  M.  The  Cottrell 
equation  was  applied  to  the  obtained  chronoamperometric  curves, 
where  diffusion  prevailed,  to  determine  the  diffusion  coefficient,  D. 
Arrhenius  plots  of  the  D  values  led  to  diffusion  activation  energies, 
Ed,  of  16.6,  15.6  and  20.51<JmoH,  and  maximum  diffusion  coef¬ 
ficients,  D0,  of  1.55  x  10-2,  9.56  x  10-3,  and  5.13  x  10-2  cm2  s-1, 
respectively,  for  the  tested  NaBH4  concentrations  of  0.03,  0.06  and 
0.09  M.  Chronocoulometric  experiments  [495]  led  to  Anson  plots  (q 
vs.  t1/2),  from  which  it  was  possible  to  calculate  accurate  apparent 
rate  constants  for  electron  transfer.  Activation  energies  for  charge 
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Fig.  11.  Typical  CV  obtained  at  1  V  s-1  on  a  Au  electrode  in  2  M  NaOH  +  0.09  M  NaBH4 
solution,  at  298  K. 

transfer  could  then  be  obtained.  The  analysis  of  the  i  - 1  transients  in 
the  mixed  control  region  allowed  extending  the  Tafel  plots  to  deter¬ 
mine  exchange  current  densities,  jo,  anodic  transfer  coefficients,  a, 
and  consequently,  the  standard  heterogeneous  rate  constants,  ks. 
From  the  lnks  vs.  T-1  plots,  it  was  found  that  the  standard  activa¬ 
tion  energies  for  charge  transfer,  E°,  in  the  Au/NaBH4  system  were 
10.8,  25.2,  37.2  and  43.3  kj  mol-1,  for  the  NaBH4  concentrations  of 
0.03,  0.06,  0.09  and  0.12  M,  respectively  [495]. 

Using  the  same  experimental  conditions,  applied  current  den¬ 
sities  in  the  range  of  10-1000  mA  cm-2  were  carefully  selected 
to  guarantee  that  the  chronopotentiometric  data  [496]  are  col¬ 
lected  in  a  domain  where  the  Sand  equation  is  valid.  A  single 
oxidation  wave  was  always  observed  for  concentration  ratios 
[NaOH]/[NaBH4]  >4.4. 

From  our  chronopotentiometric  results  and  complementary 
chronoamperometric  data  [437],  the  overall  BH4-  oxidation  pro¬ 
cess  was  shown  to  be  irreversible  involving  a  number  of  electrons 
close  to  the  theoretically  expected  value  of  8.  Linear  E  vs. 
log  (r1/2  - 11/2 )  plots,  where  r  is  the  transition  time,  were  obtained, 
and  this  well-known  diagnostic  criterion  enabled  concluding  that 
for  the  studied  potential  and  NaBH4  concentration  ranges  (i.e., 
-0.25  to  +1 .75  V  vs.  SHE;  0.03  to  0.1 2  M),  the  rate-determining  step 
is  an  irreversible,  diffusion-controlled,  one-electron  oxidation  step 
for  which  several  key  kinetic  parameters  (a,  ks,E®t)  were  calculated 
[496]. 

Further  studies  of  the  BH4-  electrooxidation  on  a  Au  disc 
macroelectrode  in  2  M  NaOH  solutions  were  performed  by  cyclic 
voltammetry  [497].  Voltammograms  were  obtained  for  NaBH4 
solutions  of  various  concentrations,  working  temperatures,  and 
potential  scan  rates  ranging  from  0.02  to  20 Vs-1,  over  a  wide 
potential  range  ( -0.7  to  1 .0  V  vs.  SHE).  A  typical  CV  for  the  borohy- 
dride  oxidation  in  a  Au  electrode  is  shown  in  Fig.  1 1 . 

Basically,  there  is  a  well-defined  anodic  peak  (cq)  around  0.1  V 
(vs.  SHE),  followed  by  a  broad  oxidation  hump  (a2)  around  0.55  V, 
which  is  visible  in  the  region  of  the  Au  oxides  [439].  The  Au  elec¬ 
trode  deactivates  positive  to  peak  a2  above  0.65  V,  which  reveals 
that  Au  oxides  are  relatively  inactive  towards  the  BH4-  oxidation 
reaction.  On  the  reverse  scan,  a  well  defined,  sharp,  anodic  peak  {c\ ), 
is  observed  around  0.3  V,  a  potential  value  where  it  is  expected  that 
the  Au  oxides  are  reduced  and  the  electrode  surface  is  reactivated. 
This  peak  tails  off  at  about  0.1 5  V,  as  the  potential  is  scanned  into  the 
range  where  the  conversion,  BH4-  ->  B02-,  is  no  longer  favourable. 
Peak  oq  is  characteristic  of  an  irreversible  electrochemical  step  (E). 
The  other  two  peaks,  a2  and  c\ ,  correspond  also  to  irreversible  elec¬ 
trochemical  steps,  but  deeper  analysis  of  the  results  suggests  that  a 


CE  or  EC  mechanism  is  actuating,  where  C  denotes  coupled  chemical 
reaction  (e.g.,  adsorption).  The  a  coefficients  for  the  purely  electro¬ 
chemical  step  (E)  varied  between  0.77  and  0.89,  for  temperatures 
ranging  from  298  to  338  K,  and  NaBH4  concentrations  between  0.03 
and  0.12  M.  The  number  of  exchanged  electrons,  n,  for  the  E  step 
involved  less  than  8  electrons  per  BH4-  anion  (n  =  6.8  ±  0.7),  which 
is  consistent  with  the  proposed  [497]  overall  oxidation  process 
(leading  to  n  between  3  and  8). 

8.  Sodium  borohydride  for  fuel  cells 

There  are  two  types  of  fuel  cell  systems  using  NaBH4  aque¬ 
ous  solution  as  the  fuel:  the  proton  exchange  membrane  fuel  cell 
(PEMFC),  which  uses  H2  generated  in  situ  in  a  NaBH4  hydrolysis 
reactor  connected  to  a  conventional  PEMFC;  and  the  direct  boro¬ 
hydride  fuel  cell  (DBFC)  system,  which  also  belongs  to  the  PEMFC 
class,  but  it  is  fed  directly  by  a  NaBH4  aqueous  solution  as  an  anodic 
fuel. 

While  the  fuel  for  both  these  two  systems  is  the  same  NaBH4 
aqueous  solution,  they  have  one  major  difference.  In  the  regular 
PEMFC,  it  is  necessary  to  maximise  the  H2  generation  from  the  BH4- 
hydro lysis,  whereas  in  the  DBFC  system,  the  production  of  H2  must 
be  suppressed  as  much  as  possible  for  adequate  cell  performance. 

Accordingly,  NaBH4,  which  was  previously  known  mostly  for 
being  a  specialty  reducing  agent  in  the  manufacture  of  pharma¬ 
ceuticals  and  a  bleaching  agent  in  the  manufacture  of  paper,  is  now 
acquiring  increasing  importance  as  an  energy/hydrogen  carrier.  It 
is  an  energy  carrier  when  it  directly  powers  a  DBFC.  It  works  as 
a  hydrogen  carrier  when  it  stores  and  releases  hydrogen  that  is 
intended  to  power  a  regular  PEMFC.  In  other  words,  NaBH4  can 
directly  or  indirectly  power  a  PEMFC. 

8.2.  PEMFC  systems  based  on  NaBH4 

The  concept  behind  this  system  is  based  on  the  PEMFC  use  of  H2 
generated  in  situ  via  the  NaBH4  hydrolysis  reaction  (Eq.  (3))  [253]. 
As  indicated  by  the  stoichiometry  of  Eq.  (3),  half  of  the  H2  produced 
in  the  hydrolysis  reaction  is  derived  from  the  solution  water,  which 
accounts  for  the  large  amount  of  H2  generated  in  this  reaction. 

NaBH4  solutions  rendered  basic  with  NaOH  become  chemically 
stabilised  and  do  not  generate  significant  amounts  of  H2  under 
ambient  conditions.  However,  upon  the  addition  of  certain  hetero¬ 
geneous  catalysts,  the  NaBH4  hydrolysis  rate  can  be  dramatically 
accelerated.  Many  conventional  catalysts  have  been  proposed  for 
the  reaction,  of  which  ruthenium-based  catalysts  are  known  to  be 
the  most  effective  for  promoting  H2  generation  [253]. 

The  H2  produced  in  the  hydrolysis  reactor  is  then  used  as  the 
gaseous  fuel  for  the  coupled  PEMFC,  to  generate  electricity  via  the 
general  reactions  described  by  Eqs.  (21)-(23). 

H2^  2H+  +  2e_  (Anode)  (21) 

V^02  +  2H+  +  2e-  ->  H20  (Cathode)  (22) 

H2  +  VS02->  H20  (Overall)  (23) 

The  development  of  the  PEMFC  system  based  on  borohydride 
can  be  divided  into  two  steps  [253].  The  first  is  the  development 
of  a  hydrolysis  mechanism  of  NaBH4  with  a  high  reaction  conver¬ 
sion  and  a  H2  generation  rate  sufficient  to  provide  enough  fuel  for 
the  PEMFC.  The  second  is  the  establishment  of  an  effective  sys¬ 
tem  design  for  connecting  this  H2  supply  source  to  the  PEMFC 
system.  The  former  step  is  generally  accepted  as  being  the  key 
issue.  While  much  research  has  already  been  devoted  to  the  H2 
generation  via  the  NaBH4  hydrolysis,  it  is  still  somewhat  doubtful 
if  the  amount  of  produced  H2  and  the  reaction  rate  are  sufficiently 
high  to  provide  the  fuel  for  a  PEMFC  system.  Recently,  these  tech¬ 
nological  issues  have  been  partially  overcome,  both  theoretically 
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and  experimentally,  by  the  development  of  various  catalyst  sys¬ 
tems  [232-239].  As  a  result,  the  conversion  rate  of  the  hydrolysis 
reaction  has  been  increased  to  almost  100%  at  room  temperature 
and  the  H2  generation  rate  has  been  raised  to  a  level  sufficient  for  a 
PEMFC.  Subsequently,  PEMFCs  based  on  borohydride  are  presently 
being  evaluated  by  many  researchers. 

Although  most  of  the  research  confirms  the  technological  avail¬ 
ability  of  this  PEMFC  system,  in  order  to  NaBH4  be  regarded  as  a 
promising  hydrogen  storage  material  there  are  some  issues  that 
must  be  solved  first  [166].  One  is  the  high  price  of  NaBH4  (ca. 
50€kg-1).  Another  issue  is  that  the  hydrolysis  reaction  does  not 
always  follow  the  ideal  route  given  by  the  general  reaction  shown 
in  Eq.  (3),  but  it  is  rather  described  by  Eq.  (24). 

NaBH4  +  (2  +x)H20  ->  NaB02xH20  +  4H2  (24) 

The  reaction  byproduct  is  hydrated  with  x  molecules  of  water, 
decreasing  the  gravimetric  hydrogen  storage  capacity  from  about 
1 1  wt.%  to  4-7  wt.%.  Attempts  should  be  made  to  improve  these  low 
capacity  values.  The  third  issue  is  the  catalyst  efficiency,  including 
its  reactivity  and  resistance  to  deactivation.  The  performance  of  the 
catalysts  has  received  much  attention  but  although  their  reactiv¬ 
ity  has  been  largely  studied,  little  research  can  be  found  regarding 
their  resistance.  The  last  issue  is  the  post  treatment  of  the  hydrolysis 
byproducts  (anhydrous  and  hydrated  NaB02).  NaBH4  is  currently  a 
non-reversible  chemical  hydride.  Hence,  a  way  for  recycling  NaB02 
into  NaBH4  is  being  investigated,  a  task  with  great  significance.  If 
NaB02  cannot  be  recycled,  NaBH4  cannot  be  regarded  as  a  sustain¬ 
able  or  renewable  (or  rather  recyclable)  material  what  will  then 
imply  an  inevitable  problem  of  boron  resources  depletion.  Further¬ 
more,  NaB02  recycling  would  greatly  contribute  to  the  reduction 
of  the  NaBH4  cost  up  to  a  projected  price  of  1  €kg-1 .  Investigations 
are  in  progress  [48-51  ],  namely  in  our  Laboratory  [51  ]. 

8.2.  DBFC  systems 

The  direct  borohydride  fuel  cell  (DBFC)  system  uses  a  NaBH4 
aqueous  solution  as  the  fuel,  which  is  continuously  supplied  to  the 
anodic  chamber  of  the  fuel  cell. 

In  a  DBFC,  borohydride,  BH4-,  is  oxidised  in  strong  alkaline 
media  (pH  >12)  to  metaborate,  B02-,  and  water,  generating  eight 
electrons  according  to  Eq.  (20).  With  the  BH4-  oxidation  at  the 
anode,  humidified  oxygen  or  air  is  electrochemically  reduced  at  the 
interface  between  the  cathode  catalyst  and  the  aqueous  electrolyte, 
and  the  eight  electrons  are  consumed  according  to  Eq.  (25) 

202+4H20  +  8e“^  80H“  (E°  =  0.40  V  vs.  SHE)  (25) 

Coupling  of  Eqs.  (20)  and  (25)  leads  to  the  overall  cell  reaction 
described  by  Eq.  (26). 

BH4-+202^  B02-+2H20  (E°=  1.64V)  (26) 

The  DBFC  theoretical  cell  voltage  of  1.64  V  is  about  0.4  V  higher 
than  that  of  the  ordinary  PEMFC.  It  is  also  very  high  when  com¬ 
pared  to  the  methanol,  formic  acid,  and  hydrazine  systems,  with 
theoretical  cell  voltages  of  1.19, 1.45  and  1.56  V,  respectively. 

The  performance  of  fuel  cells  that  operate  on  NaBH4  as  the 
fuel  and  oxygen  or  hydrogen  peroxide  (H202)  as  oxidants  has 
been  investigated  in  several  laboratories  [253,433,486,515-619]. 
Although  the  initial  suggestion  of  using  NaBH4  as  an  anodic  fuel 
dates  from  1962  [433],  there  was  a  hiatus  of  almost  40  years  until 
the  idea  deserved  a  renewed  interest.  Fig.  12  shows  that  over  100 
papers  on  the  DBFC  have  been  published  since  2003. 

The  focus  of  research  on  the  direct  borohydride/peroxide  fuel 
cell  (DBPFC)  is  in  developing  a  high  energy  density  power  source 
for  space  applications,  underwater  vehicles,  and  specific  terres¬ 
trial  applications.  One  of  the  major  advantages  of  the  DBPFC  is 
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Fig.  12.  Evolution  of  the  number  of  publications  concerning  the  DBFC. 

the  use  of  reactants  that  are  liquid  at  ambient  temperature.  The 
use  of  liquid  reactants  greatly  simplifies  the  storage,  thermal  man¬ 
agement  and  internal  processing.  The  minimum  energy  content  of 
the  NaBH4/H202  reactants  is  2600 Wh  kg-1  (based  on  total  fuel 
weight),  which  is  comparable  to  that  of  H2/02  (3660  Wh  kg-1), 
without  the  need  for  cryogenic  storage.  In  addition,  high  power 
densities  can  be  achieved  in  the  DBPFC  due  to  the  ability  of  provid¬ 
ing  a  high  concentration  of  reactants  to  the  fuel  cell. 

In  the  DBPFC,  the  BH4-  anodic  oxidation  proceeds  through  Eq. 
(20)  whereas  at  the  cathode  H202  is  decomposed  into  oxygen  and 
water  at  the  catalyst/electrode  interface  according  to  Eq.  (27),  with 
the  produced  oxygen  being  subsequently  reduced  through  Eq.  (25). 

4H202  ->  4H20  +  202  (27) 

H202  may  also  be  directly  electrochemically  reduced  according 
to  Eq.  (28). 

4H202+8e-^  80H-  (E°  =  0.87  V  vs.  SHE)  (28) 

When  the  pH  of  the  H202  catholyte  solution  is  low  (pH  <1 ),  two 
reactions  may  take  place:  decomposition  of  H202  to  02  (Eq.  (27)) 
followed  by  02  reduction  to  water  (Eq.  (29));  or  the  direct  H202 
electroreduction  described  by  Eq.  (30). 


202  +  8H+  +  8e“  - 

■*  4H20  (E°=  1.23  V  vs.  SHE) 

(29) 

4H202  +  8H+  +  8e 

8H20  (E°=  1.77  V  vs.  SHE) 

(30) 

Accordingly,  the  net  cell  reaction  in  such  an  alkaline  DBPFC  is 
given  by  Eq.  (31) 

BH4-  +4H202  -> 

B02  +  6H20 

(31) 

The  cell  voltages  for  this  DBPFC  are  1.64,  2.11,  2.47,  and  3.01  V 
for  cathode  reactions  described  by  Eqs.  (25),  (28),  (29)  and  (30), 
respectively.  The  cell  voltage  of  3.01  V  is  0.9  V  higher  than  that  for 
H202  reduction  in  alkaline  solution  and  assumes  the  direct  elec¬ 
troreduction  of  H202  at  low  pH.  Therefore,  an  appropriate  cathode 
material  should  promote  the  reaction  shown  in  Eq.  (30),  avoiding 
heterogeneous  reactions  and  surface  decomposition  to  oxygen  (Eq. 
(27)). 

Recent  studies  at  our  Laboratory  have  suggested  that  zinc  (Zn) 
may  be  a  good  anode  for  DBPFCs  [209].  A  single  DBPFC,  employ¬ 
ing  a  Zn  anode  and  a  Pt  cathode,  was  then  assembled  and  its 
performance  was  evaluated  [616].  The  cell  voltage  of  this  DBPFC 
was  lower  (2.14  V)  than  the  equilibrium  cell  voltage,  and  a  sta¬ 
bility  test  showed  that  the  cell  was  able  of  stable  operation  for 
not  more  than  6  h.  DBPFC  discharge  curves  led  to  power  densities, 
specific  capacities,  and  energy  densities  as  high  as  528mWcm-2, 
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Fig.  13.  Sodium  borohydride  energy  system  with  integrated  recharging. 
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1 577  Ah  kg-1 ,  and  2799  Wh  kg-1 ,  respectively.  A  poor  rate  capabil¬ 
ity  of  the  cell  was  demonstrated,  being  shown  that  for  cell  voltages 
lower  than  ~1.4V,  the  cell  may  no  longer  be  useful.  Polarisation 
data  showed  anode  limitations  (for  short-time  operation)  caused  by 
ohmic  losses,  particularly  at  high  cell  currents.  Cathode  limitations 
were  only  observed  for  longer  operation  periods. 

It  was  concluded  that  to  achieve  a  functional  system,  several 
problems  need  to  be  overcome.  These  include  the  need  to  alter 
the  Zn  anode  material  (by  modification  of  its  metal  surface  and/or 
by  alloying),  to  reduce  the  ohmic  losses  at  the  Nation  117  cation 
exchange  membrane  (or  testing  alternative  membrane  materials), 
to  chose  a  more  effective  electrocatalyst  for  the  direct  electrochem¬ 
ical  reduction  of  H202,  to  adjust  the  electrolyte  compositions,  and 
to  work  at  temperatures  in  the  range  of  313-333  K  [495]. 

Among  the  remaining  challenges  to  develop  practical  DBFC 
systems,  a  key  issue  is  the  inhibition  of  the  NaBH4  crossover. 
Improvements  on  the  membrane  electrode  assembly  (MEA)  or  in 
the  liquid  diffusion  layer,  which  is  more  resistant  to  crossover, 
could  help  solving  this  problem.  In  addition,  an  enhancement  of 
the  power  density  of  the  DBFC  should  be  achieved,  which  implies 
a  decrease  in  the  effective  area  of  the  cell  to  reduce  the  NaBH4 
crossover. 

The  development  of  means  of  obtaining  the  complete  eight 
electron  reaction,  by  restraining  the  BH4_  hydrolysis,  is  vital  for 
improving  DBFC  technologies.  Employing  electrode  materials  with 
high  H2  overpotential  and  the  use  of  surface  treatment  technol¬ 
ogy  are  considered  to  be  the  best  way  to  meet  these  challenges. 
In  addition,  for  portable  applications,  where  the  cell  volume  is  a 


critical  parameter,  it  is  required  a  drastic  reduction  in  the  volume 
of  the  NaBH4  aqueous  solution. 

9.  Conclusions 

Apart  from  its  established  use  for  hydriding  and  reduction 
processes  in  the  chemical  industry,  NaBH4  is  being,  particularly 
in  the  present  decade,  converted  to  electricity  in  fuel  cells  and 
other  energy  systems.  This  is  particularly  evidenced  by  specialist 
journals,  like  the  International  Journal  of  Hydrogen  Energy,  that 
are  devoting  much  attention  to  the  subject  of  NaBH4  as  a  clean 
fuel. 

NaBH4  can  be  produced  by  many  ways,  as  discussed  in  the 
present  paper,  and  has  many  attractive  features  to  generate  elec¬ 
tricity  directly.  However,  there  are  many  practical  engineering  and 
economic  considerations  that  explain  why  NaBH4  does  not  already 
find  extensive  use  as  a  fuel.  A  different  future  in  which  NaBH4  is 
produced  by  electrolytic  means  seems  to  be  not  too  much  away, 
and  this  paper  reports  some  steps  towards  this  direction.  Traces 
of  NaBH4  have  been  detected  in  the  products  resulting  from  elec¬ 
trosynthesis  tests  in  aqueous  media  and  it  is  suggested  that  this 
embryonic  study  should  be  pursued.  Methods  to  analyse  NaBH4 
are  described  and  a  newly  developed  potentiometric  technique  is 
suggested  for  in  situ  monitoring  of  small  NaBH4  concentrations. 

The  successful  utilisation  of  NaBH4  in  energy  systems  is  highly 
dependent  on  the  reduction  of  its  present  price.  A  substantial 
decrease  in  the  NaBH4  cost  can  only  be  achieved  by  finding  an  effec¬ 
tive  method  of  recycling  NaB02  back  to  NaBH4.  Of  course,  if  it  would 
be  possible  to  develop  a  fully  reversible  system  as  schematically 
shown  in  Fig.  13,  interest  in  NaBH4  would  increase  exponentially. 

The  present  paper  has  focused  several  important  aspects  con¬ 
cerning  the  use  of  NaBH4  for  energy  systems.  Fig.  14  accounts 
for  the  total  number  of  papers  published  on  borohydride  topics 
that  are  relevant  for  its  application  in  energy  systems.  Over  300  of 
these  papers  have  been  published  very  recently,  that  is,  from  2008 
onwards,  which  testify  the  importance  of  borohydride  as  a  clean 
fuel. 

Specifically,  the  uses  of  NaBH4  as  energy  carrier  for  DBFC  sys¬ 
tems  or  as  hydrogen  carrier  for  conventional  PEMFCs  have  been 
discussed  in  detail  in  this  paper.  If  the  problems  related  to  the 
extent  of  the  NaBH4  crossover,  the  high  cost  of  the  membranes, 
and  the  reuse/regeneration  of  NaBH4,  can  be  overcome,  the  DBFC 
option  for  the  renewable  energies  scenario  would  be  highly  enthu¬ 
siastic.  But,  as  evidenced  in  Fig.  14,  a  more  promising  technology, 
which  may  be  soon  commercialised,  is  based  on  the  reaction  of 
water  and  NaBH4  releasing  hydrogen  that  can  fuel  a  fuel  cell 
or  be  fed  into  a  combustion  engine.  Following  this  avenue,  it 
would  be  possible  to  develop  low  cost  PEMFCs,  without  the  need 
for  hydrogen  storage,  and  other  concerns  which  may  be  quickly 
squelched. 

References 

[1]  Rand  DAJ,  Dell  RM.  Clean  energy,  RSC  clean  technology  monographs.  Cam¬ 
bridge,  UK:  Royal  Society  of  Chemistry:  2004. 

[2]  Price  L,  de  la  Rue  du  Can  S,  Sinton  J,  Worrell  E,  Zhou  N,  Sathaye  J,  et  al. 
Sectoral  trends  in  global  energy  use  and  greenhouse  gas  emissions.  USA: 
Energy  Analysis  Department,  Environmental  Energy  Technologies  Division, 
Lawrence  Berkeley  National  Laboratory:  2006. 

[3  ]  Key  world  energy  statistics  from  the  IEA.  2003  ed.  Paris,  France:  International 
Energy  Agency;  2003. 

[4]  Key  world  energy  statistics  from  the  IEA.  2002  ed.  Paris,  France:  International 
Energy  Agency;  2002. 

[5]  World  energy  outlook  2001  insights.  Paris,  France:  International  Energy 
Agency;  2001. 

[6]  Hawkins  S.  Technological  characterisation  of  hydrogen  storage  and  distribu¬ 
tion  technologies,  UKSHEC  social  science  working  paper  no.  21.  London,  UK: 
Policy  Studies  Institute;  2006. 

[7]  Nido-Heteroboranes,  Wegner  PA,  editors.  Boron  hydride  chemistry.  New 
York:  Academic  Press;  1973  (Chapter  12). 


3992 


D.M.F.  Santos,  C.A.C.  Sequeira  /  Renewable  and  Sustainable  Energy  Reviews  15  (201 2 )  3980-4001 


[8]  Lancaster  M.  Green  chemistry:  an  introductory  text.  Cambridge,  UK:  RSC 
Paperbacks,  RSC;  2002. 

[9]  Schlesinger  HI,  Brown  HC.  Metallo  borohydrides.  III.  Lithium  borohydride.  J 
Am  Chem  Soc  1940;62:3429-35. 

[10]  Schlesinger  HI,  Brown  HC,  Hoekstra  HR,  Rapp  LR.  Reactions  of  diborane 
with  alkali  metal  hydrides  and  their  addition  compounds.  New  synthe¬ 
ses  of  borohydrides.  Sodium  and  potassium  borohydrides.  J  Am  Chem  Soc 
1953;75:199-204. 

[11]  Brown  HC,  Mead  EJ,  Rao  BCS.  A  study  of  solvents  for  sodium  borohydride  and 
the  effect  of  solvent  and  the  metal  ion  on  borohydride  reductions.]  Am  Chem 
Soc  1955;77:6209-13. 

[12]  Chamberlain  DL.  Preparation  of  sodium  or  potassium  borohydride.  US  Patent 
3029128; 1962. 

[13]  Schlesinger  HI,  Brown  HC,  Finholt  AE.  The  preparation  of  sodium  borohydride 
by  the  high  temperature  reaction  of  sodium  hydride  with  borate  esters.  J  Am 
Chem  Soc  1953;75:205-9. 

[14]  Schlesinger  HI,  Brown  HC,  Abraham  B,  Bond  AC,  Davidson  N,  Finholt  AE,  et  al. 
New  developments  in  the  chemistry  of  diborane  and  the  borohydrides.  I. 
General  summary.  J  Am  Chem  Soc  1953;75:186-90. 

[15]  Schlesinger  HI,  Brown  HC.  Methods  of  preparing  alkali  metal  borohydrides. 
US  Patent  2534533;  1950. 

[16]  Brown  HC,  Mead  EJ,  Tierney  PA.  The  reaction  of  sodium  hydride  with  methyl 
borate  in  solvents.  Convenient  new  procedures  for  the  synthesis  of  sodium 
borohydride.  J  Am  Chem  Soc  1957;79:5400-4. 

[17]  Buchner  W,  Niederpriim  H.  Sodium  borohydride  and  amine-boranes,  com¬ 
mercially  important  reducing  agents.  Pure  Appl  Chem  1977;49:733-43. 

[18]  Gyenge  EL,  Oloman  CW.  Electrosynthesis  attempts  of  tetrahydridoborates.  J 
Appl  Electrochem  1998;28:1147-51. 

[19]  Zaluska  A,  Zaluski  L,  Strom-Olsen  J.  Hydrogenation  properties  of  complex 
alkali  metal  hydrides  fabricated  by  mechano-chemical  synthesis.  J  Alloys 
Compd  1999;290:71-8. 

[20]  Wu  Y,  Brady  JC,  Kelly  MT,  Ortega  JV,  Snover  JL.  Synthesis  of  sodium 
borohydride  for  energy  applications.  ACS  Div  Fuel  Chem  Prepr  2003  ;48: 
938-9. 

[21]  Li  ZP,  Morigazaki  N,  Liu  BH,  Suda  S.  Preparation  of  sodium  borohydride  by 
the  reaction  of  MgH2  with  dehydrated  borax  through  ball  milling  at  room 
temperature.  J  Alloys  Compd  2003;349:232-6. 

[22]  Li  ZP,  Liu  BH,  Arai  K,  Morigazaki  N,  Suda  S.  Protide  compounds  in  hydrogen 
storage  systems.  J  Alloys  Compd  2003;356-357:469-74. 

[23]  Kojima  Y,  Haga  T.  Recycling  process  of  sodium  metaborate  to  sodium  boro¬ 
hydride.  Int  J  Hydrogen  Energy  2003;28:989-93. 

[24]  Suda  S,  Morigasaki  N,  Iwase  Y,  Li  ZP.  Production  of  sodium  borohydride  by 
using  dynamic  behaviors  of  protide  at  the  extreme  surface  of  magnesium 
particles.  J  Alloys  Compd  2005;404-406:643-7. 

[25]  Kelly  MT,  Ortega  JV,  Randall  TJ,  Wu  Y.  New  electrolytic  synthesis  of  borohy¬ 
dride  anions  from  boron  oxide  in  a  molten  salt  melt.  ACS  Div  Fuel  Chem  Prepr 
2005;50:444-5. 

[26]  Atiyeh  HK,  Davis  BR.  Separation  of  sodium  metaborate  from  sodium  borohy¬ 
dride  using  nanofiltration  membranes  for  hydrogen  storage  application.  Int  J 
Hydrogen  Energy  2007;32:229-36. 

[27]  Barkhordarian  G,  Klassen  T,  Dornheim  M,  Bormann  R.  Unexpected  kinetic 
effect  of  MgB2  in  reactive  hydride  composites  containing  complex  borohy¬ 
drides.  J  Alloys  Compd  2007;440:L18-21. 

[28]  Calabretta  DL,  Davis  BR.  Investigation  of  the  anhydrous  molten  Na-B-O-H 
system  and  the  concept:  electrolytic  hydriding  of  sodium  boron  oxide  species. 
J  Power  Sources  2007;164:782-91. 

[29]  Kantiirk  A,  Pi§kin  S.  Innovation  in  sodium  borohydride  production  process 
from  borosilicate  glass  with  sodium  under  hydrogen  atmosphere:  high  pres¬ 
sure  process.  Int  J  Hydrogen  Energy  2007;32:3981-6. 

[30]  Li  ZP,  Liu  BH,  Zhu  JK,  Morigasaki  N,  Suda  S.  NaBH4  formation  mechanism 
by  reaction  of  sodium  borate  with  Mg  and  H2.  J  Alloys  Compd  2007 ;437: 
311-6. 

[31  ]  Park  EH,  Jeong  SU,  Jung  UH,  Kim  SH,  Lee  J,  Nam  SW,  et  al.  Recycling  of  sodium 
metaborate  to  borax.  Int  J  Hydrogen  Energy  2007;32:2982-7. 

[32]  Sequeira  CAC,  Pardal  TCD,  Santos  DMF,  Conde^o  JAD,  Franco  MAW,  Gonsalves 
MCMR.  Studies  on  sodium  borohydride  for  energy  systems.  ECS  Trans 
2007;3/18:7-47. 

[33]  £akanyildirim  £,  Guru  M.  Hydrogen  cycle  with  sodium  borohydride.  Int  J 
Hydrogen  Energy  2008;33:4634-9. 

[34]  Liu  BH,  Li  ZP,  Morigasaki  N,  Suda  S.  Kinetic  characteristics  of  sodium  boro¬ 
hydride  formation  when  sodium  meta-borate  reacts  with  magnesium  and 
hydrogen.  Int  J  Hydrogen  Energy  2008;33:1323-8. 

[35]  Liu  BH,  Li  ZP,  Morigasaki  N,  Suda  S.  Alkali  oxide  addition  effects  on  borohy¬ 
dride  formation  during  the  reaction  of  Al,  Si,  and  Ti  with  borate  and  hydrogen. 
Energy  Fuels  2008;22:1894-6. 

[36]  Nakamori  Y,  Li  H-W,  Matsuo  M,  Miwa  K,  Towata  S,  Orimo  S.  Develop¬ 
ment  of  metal  borohydrides  for  hydrogen  storage.  J  Phys  Chem  Solids 
2008;69:2292-6. 

[37]  Wu  H,  Wang  C,  Liu  Z,  Zhang  P,  Mao  Z.  State-of-the-art  NaBH4  synthesis  meth¬ 
ods  and  its  application  prospect  in  fuel  cell  as  hydrogen  source.  Acta  Energ 
Sol  Sin  2008;29:227-33. 

[38]  £akanyildirim  £,  Guru  M.  Production  of  NaBH4  and  hydrogen  release  with 
catalyst.  Renew  Energy  2009;34:2362-5. 

[39]  Hsueh  C-L,  Liu  C-H,  Chen  B-H,  Chen  C-Y,  Kuo  Y-C,  Hwang  K-J,  et  al.  Regener¬ 
ation  of  spent-NaBH4  back  to  NaBH4  by  using  high-energy  ball  milling.  Int  J 
Hydrogen  Energy  2009;34:1717-25. 


[40]  Kemmitt  T,  Gainsford  GJ.  Regeneration  of  sodium  borohydride  from  sodium 
metaborate,  and  isolation  of  intermediate  compounds.  Int  J  Hydrogen  Energy 
2009;34:5726-31. 

[41]  Kong  L,  Cui  X,  Jin  H,  Wu  J,  Du  H,  Xiong  T.  Mechanochemical  synthe¬ 
sis  of  sodium  borohydride  by  recycling  sodium  metaborate.  Energy  Fuels 
2009;23:5049-54. 

[42]  Liu  BH,  Li  ZP,  Zhu  JK.  Sodium  borohydride  formation  when  Mg  reacts  with 
hydrous  sodium  borates  under  hydrogen.  J  Alloys  Compd  2009;476:L16-20. 

[43]  Liu  BH,  Li  ZP,  Suda  S.  Influences  of  alkali  in  borates  on 
recovery  of  sodium  borohydride.  J  Alloys  Compd  2009;474: 
L6-9. 

[44]  Liu  BH,  Li  ZP,  Suda  S.  Improving  MgH2  formation  kinetics  and  its  effect  on 
NaBH4  synthesis.  J  Alloys  Compd  2009;474:321-5. 

[45]  Piskin  MB.  Investigation  of  sodium  borohydride  production  process:  ulexite 
mineral  as  a  boron  source.  Int  J  Hydrogen  Energy  2009;34:4773-9. 

[46]  Zhang  H,  Zheng  S,  Fang  F,  Chen  G,  Sang  G,  Sun  D.  Synthesis  of  NaBH4  based  on 
a  solid-state  reaction  under  Ar  atmosphere.  J  Alloys  Compd  2009;484:352-5. 

[47]  Hagemann  H,  Erny  R.  Synthetic  approaches  to  inorganic  borohydrides.  Dalton 
Trans  2010;39:6006-12. 

[48]  £akanyildirim  C,  Guru  M.  Processing  of  NaBH4  from  NaBC>2  with  MgH2  by  ball 
milling  and  usage  as  hydrogen  carrier.  Renew  Energy  2010;35:1895-9. 

[49]  McLafferty  J,  Colominas  S,  Macdonald  DD.  Attempts  to  cathodically 
reduce  boron  oxides  to  borohydride  in  aqueous  solution.  Electrochim  Acta 
2010;56:108-14. 

[50]  Sanli  AE,  Kayacan  I,  Uysal  BZ,  Aksu  ML.  Recovery  of  borohydride  from  metab¬ 
orate  solution  using  a  silver  catalyst  for  application  of  direct  rechargable 
borohydride/peroxide  fuel  cells.  J  Power  Sources  2010;195:2604-7. 

[51]  Santos  DMF,  Sequeira  CAC.  On  the  electrosynthesis  of  sodium  borohydride. 
Int  J  Hydrogen  Energy  2010;35:9851-61. 

[52]  Pryde  EH.  Catalytic  reaction  of  alkali  metal  hydride  and  boron  trihalide.  US 
Patent  2684888;  1954. 

[53]  Banus  MD,  Bragdon  RW.  Method  for  preparing  borohydrides  of  alkali  metals. 
US  Patent  2720444,;  1955. 

[54]  Fisher  NG.  Process  of  preparing  alkali  metal  and  alkaline  earth  metal  borohy¬ 
drides.  US  Patent  2729540;  1956. 

[55]  Jackson  CB.  Production  of  compounds  containing  boron  and  hydrogen.  US 
Patent  2744810;  1956. 

[56]  Huff  GF,  Mcelroy  AD,  Adams  RM.  Electrochemical  method  for  the  preparation 
of  metal  borohydrides.  US  Patent  2855353;  1958. 

[  57  ]  Schubert  F,  Lang  K,  Schlabacher  W.  Process  for  the  production  of  borohydrides. 
DE  Patent  1067005;  1959. 

[58]  Broja  G,  Schlabacher  W.  Process  for  the  production  of  alkali  metal  borohy¬ 
drides.  DE  Patent  1108670;  1959. 

[59]  Mcelroy  AD,  Nigon  JP.  Process  for  the  preparation  of  sodium  borohydride.  US 
Patent  2889194;  1959. 

[60]  Bragdon  RW.  Preparation  of  sodium  borohydride.  US  Patent  2926991 ;  1960. 

[61  ]  King  AJ,  Russell  VA.  Preparation  of  borohydrides.  US  Patent  2942935;  1960. 

[62]  Pryde  EH.  Preparation  of  sodium  borohydride.  US  Patent  2926989;  1960. 

[63]  Hansley  VL,  Pryde  EH.  Preparation  of  sodium  borohydride.  US  Patent 
2934401;1960. 

[64]  Berner  RG,  Berni  RP,  Klach  SJ.  Sodium  borohydride  from  sodium  hydride  and 
excess  trimethyl  borate.  US  Patent  2939762;  1960. 

[65]  Brown  HC,  Schlesinger  HI.  Low  temperature  preparation  of  alkali  metal 
borohydrides  from  metal  hydrides  and  alkyl  borates  in  solution.  US  Patent 
2964378;  1960. 

[66]  Nigon  JP.  Preparation  of  sodium  borohydride.  US  Patent  2983574;  1961. 

[67]  Peterson  WD.  Preparation  of  borohydrides  and  their  intermediates.  US  Patent 
2974015; 1961. 

[68]  Kyllonen  DM.  Cyclic  process  for  production  of  sodium  borohydride.  US  Patent 
2969274;  1961. 

[69]  Governale  LJ,  Limper  AF,  Roger  MJ,  Padgitt  FL.  Preparation  of  alkali  metal 
borohydrides.  US  Patent  3002806;  1961. 

[70]  Edwards  LJ.  Preparation  of  metal  borohydrides.  US  Patent  3042485;  1962. 

[71]  Herbert  J.  Preparation  of  boron-hydrogen  compounds.  US  Patent  3047358; 
1962. 

[72]  Huff  GF.  Preparation  of  metal  borohydrides.  US  Patent  3079224;  1963. 

[73]  Schubert  F,  Lang  K,  Schabacher  W,  Burger  A.  Method  for  preparing  alkali- 
metal  borohydrides.  US  Patent  3077376;  1963. 

[74]  Logan  JS,  Zaslowsky  JA.  Process  for  the  preparation  of  sodium  borohydride. 
US  Patent  3152861;  1964. 

[75]  Goerrig  D,  Process  for  the  production  of  metal  borohydrides.  US  Patent 
3164441; 1965. 

[76]  Jenkner  H,  Schmidt  HW.  Preparation  of  sodium  borohydrides.  US  Patent 
3222121;1965. 

[77]  Broja  G,  Schabacher  W.  Process  for  the  production  of  alkali  metal  borohy¬ 
drides.  US  Patent  3259474;  1966. 

[78]  Knorre  H,  Kloepfer  H,  Bretschneider  G.  Production  of  sodium  borohydride.  US 
Patent  3379511;  1968. 

[79]  Bontempelli  JC,  Garet  P.  Preparation  of  alkali  metal  borohydrides.  US  Patent 
3471268; 1969. 

[80]  Knorre  H,  Bretschneider  G,  Sauer  H,  Stephan  K.  Production  of  alkali  metal 
borohydrides.  US  Patent  3433605;  1969. 

[81  ]  Johnston  JD,  Giraitis  AP.  Method  for  preparing  alkali  metal  borohydrides.  US 
Patent  3459514;  1969. 

[82]  Cooper  HB.  Production  of  alkali  metal  borohydrides,  US  Patent  3473899; 
1969. 


D.M.F.  Santos,  C.A.C.  Sequeira  /  Renewable  and  Sustainable  Energy  Reviews  15  (201  1 )  3980-4001 


3993 


[83]  Cooper  HB.  Alkali  metal  product  and  process  for  its  manufacture.  US  Patent 
3495938; 1970. 

[84]  Horn  E-M,  John  K,  Lang  K,  Schubert  F.  Process  for  the  production  of  alkali 
metal  borohydrides.  US  Patent  3505035;  1970. 

[85]  Pecak  V,  Vit  J,  Prochazka  V.  Method  of  producing  alkali  metal  borohydrides. 
US  Patent  3515522;  1970. 

[86]  Cooper  HB.  Alkali  metal  production.  US  Patent  3695864;  1972. 

[87]  Cooper  HBH.  Electrolytic  process  for  the  production  of  alkali  borohydrides. 
US  Patent  3734842;  1973. 

[88]  Filby  EE.  Method  of  recycling  lithium  borate  to  lithium  borohydride  through 
diborane.  US  Patent  3993732;  1976. 

[89]  Hale  CH,  Sharifian  H.  Production  of  metal  borohydrides  and  organic  onium 
borohydrides.  US  Patent  4931154;  1990. 

[90]  Sharifian  H,  Dutcher  JS.  Production  of  quaternary  ammonium  and  quaternary 
phosphonium  borohydrides.  US  Patent  4904357;  1990. 

[91]  Lorthioir  S,  Humbert-Droz  C,  Trennoy  S.  Process  for  the  preparation  of  an 
alkali  borohydride  such  as  lithium  borohydride.  US  Patent  5294423;  1994. 

[92]  Amendola  S.  Electroconversion  cell.  US  Patent  5804329;  1998. 

[93]  Amendola  SC,  Kelly  MT.  Compositions  and  processes  for  synthesizing  boro¬ 
hydride  compounds.  US  Patent  6433129;  2002. 

[94]  Suda  S.  Method  of  manufacturing  metal  hydrogen  complex  compound.  JP 
Patent  2002-1 73306;  2002. 

[95]  Kojima  Y,  Haga  T,  Suzuki  K,  Hayashi  H,  Matsumoto  S,  Nakanishi  H.  Method 
for  manufacturing  metal  borohydride.  JP  Patent  2002-193604;  2002. 

[96]  Haga  T,  Kojima  Y.  Method  for  manufacturing  metal  borohydride.  JP  Patent 
2002-241109;  2002. 

[97  ]  Amendola  SC,  Kelly  MT,  Ortega  JV,  Wu  Y.  Process  for  synthesizing  borohydride 
compounds.  US  Patent  6670444;  2003. 

[98]  Amendola  SC,  Kelly  MT,  Wu  Y.  Process  for  synthesizing  borohydride  com¬ 
pounds.  US  Patent  6524542;  2003. 

[99]  Ortega  JV,  Wu  Y,  Amendola  SC,  Kelly  MT.  Processes  for  synthesizing  alkali 
metal  borohydride  compounds.  US  Patent  6586563;  2003. 

[100]  Sun  Y,  Liang  Z.  Electrochemical  process  for  preparing  borohydride.  CN  Patent 
Appl.  1396307  A;  2003. 

[101  ]  Petillo  PJ,  Amendola  S,  Petillo  S.  Electrochemical  cell  and  assembly  for  same. 
US  Patent  6544679  B1 ;  2003. 

[102]  Snover  J,  Wu  Y.  Recycle  of  discharged  sodium  borate  fuel.  US  Patent  6706909 
B1 ;  2004. 

[103]  Xu  J,  Kelly  M,  Pez  G,  Wu  Y,  Sharp-Goldman  SL.  Hydrogen-assisted  electrolysis 
processes.  US  Patent  7108777  B2;  2006. 

[104]  Amendola  SC,  Binder  M,  Sharp-Goldman  SL,  Kelly  MT,  Petillo  PJ.  Process  for 
making  a  hydrogen  generation  catalyst.  US  Patent  6683025  B2;  2004. 

[105]  Kollonitsch  J,  Bragdon  RW.  Preparation  of  alkali  and  alkaline  earth  metal 
borohydrides.  US  Patent  3063791 ;  1962. 

[106]  Guilbault  LJ,  Sullivan  EA,  Sullivan  NM,  Weinberg  NL.  Electrolytic  method  for 
producing  borohydride.  US  Patent  20050224364;  2005. 

[107]  Mazur  DJ,  Weinberg  NL,  Tomantschger  K,  Guilbault  LJ,  Chin  AA.  Electrosyn¬ 
thesis  of  borohydride.  EP  1 586678  A1 ;  2005. 

[108]  Mazur  DJ,  Weinberg  NL,  Guilbault  LJ,  Chin  AA,  Tomantschger  K.  One-step 
electrosynthesis  of  borohydride.  US  Patent  20050224365;  2005. 

[109]  Kelly  MT.  Methods  and  apparatus  for  synthesis  of  metal  hydrides.  WO  Patent 
2006050077  A2;  2006. 

[110]  Goerrig  D,  Schabacher  W,  Schubert  F.  Process  for  the  production  of  boranates. 
US  Patent  3140150;  1964. 

[111]  Kong  PC.  Method  for  producing  a  borohydride.  US  Patent  7741428;  2010. 

[112]  Amendola  S,  Kelly  M.  Compositions  and  processes  for  synthesizing  borohy¬ 
dride  compounds.  US  Patent  7019105  B2;  2006. 

[113]  Chin  AA,  Lipiecki  FJ,  Park  WS.  Direct  elemental  synthesis  of  sodium  borohy¬ 
dride.  US  Patent  20060078486;  2006. 

[114]  Ashby  EC.  Process  for  production  of  sodium  borohydride  from  sodium  alu¬ 
minum  hydride  with  recycle  of  byproducts.  US  Patent  7247286;  2007. 

[115]  Hong  Z.  Producing  sodium  borohydride  with  high  energy  efficiency  and  recy¬ 
cles  of  by-product  materials.  US  Patent  20070128509  A1 ;  2007. 

[116]  Chin  AA,  Lipiecki  FJ,  Park  WS.  Preparation  of  boron  and  sodium  by  sodium 
metaborate  reduction  for  the  synthesis  of  sodium  borohydride.  EP  1645644 
B1 ;  2007. 

[117]  Najim  J,  Teich  Cl,  Yamamoto  JH.  Preparation  of  borohydride  salts.  US  Patent 
Appl.  20070269360;  2007. 

[118]  Chin  AA.  Process  for  production  of  a  borohydride  compound.  US  Patent 
7297316;2007. 

[119]  Kong  PC,  Herring  S,  Grandy  JD.  Method  and  apparatus  for  chemical  synthesis. 
US  Patent  7303657  B2;  2007. 

[120]  Chin  AA,  Lipiecki  FJ,  Park  WS.  Preparation  of  boron  and  sodium  from  sodium 
tetraborate  by  reduction.  EP  1887092  A1 ;  2008. 

[121]  Zhou  Y.  Process  for  synthesizing  metal  borohydrides.  US  Patent  7429368; 
2008. 

[122]  Chin  AA.  Process  for  production  of  a  borohydride  compound.  US  Patent 
7455821;2008. 

[123]  Kong  PC.  Method  for  producing  a  borohydride.  US  Patent  7420027;  2008. 

[124]  Chin  AA.  Process  for  production  of  a  borohydride  compound.  EP  1 586536  B1 ; 
2008. 

[125]  Zhou  Y.  Process  for  synthesizing  metal  borohydrides.  US  Patent  2009002641 6 
A1 ;  2009. 

[126]  Guilbault  LJ,  Sullivan  EA,  Weinberg  NL.  Electrolytic  method  for  producing 
borohydride.  US  Patent  7638029;  2009. 


[127]  Chin  AA,  Linehan  S,  Maroldo  SG,  Yamamoto  JH,  Jain  P,  Lipiecki  FJ,  et  al.  Process 
for  production  of  a  borohydride  compound.  EP  2098479  Al ;  2009. 

[128]  Sequeira  CAC,  Santos  DMF.  Electrochemical  routes  for  industrial  synthesis.  J 
Brazil  Chem  Soc  2009;20:387-406. 

[129]  Yamamoto  J.  Rohm  and  Haas:  the  sodium  borohydride  digest.  Rohm  and  Haas; 
2003. 

[130]  Soldate  AM.  Crystal  structure  of  sodium  borohydride.  J  Am  Chem  Soc 
1947;69:987-8. 

[131]  Price  WC.  The  infra-red  absorption  spectra  of  some  metal  borohydrides.  J 
Chem  Phys  1949;17:1044-52. 

[132]  Davis  WD,  Mason  LS,  Stegeman  G.  The  heats  of  formation  of  sodium  borohy¬ 
dride,  lithium  borohydride  and  lithium  aluminum  hydride.  J  Am  Chem  Soc 
1949;71:2775-81. 

[133]  Stockmayer  WH,  Rice  DW,  Stephenson  CC.  Thermodynamic  properties 
of  sodium  borohydride  and  aqueous  borohydride  ion.  J  Am  Chem  Soc 
1955;77:1980-3. 

[134]  Brown  HC,  Rao  BCS.  A  new  powerful  reducing  agent  -  sodium  borohydride  in 
the  presence  of  aluminum  chloride  and  other  polyvalent  metal  halides.  J  Am 
Chem  Soc  1956;78:2582-8. 

[135]  Emery  AR,  Taylor  RC.  Raman  spectroscopy  in  liquid  ammonia  solutions.  Vibra¬ 
tional  frequencies  and  force  constants  for  isotopic  species  of  the  borohydride 
ion  having  tetrahedral  symmetry.  J  Chem  Phys  1958;28:1029-32. 

[136]  Noth  H.  Anorganische  Reaktionen  der  Alkaliboranate.  Angew  Chem 
1961;73:371-83. 

[137]  Harvey  KB,  McQuaker  NR.  Force  fields  for  crystalline  BH4-  and  NH4+  ions.  J 
Chem  Phys  1971;55:4396-9. 

[138]  Bonaccorsi  R,  Scrocco  E,  Tomasi  J.  The  properties  of  the  metal  complex 
hydrides  -  ab  initio  calculation  of  geometric  structure,  electronic  charge  dis¬ 
tribution  and  binding  energy  of  LiBH4,  NaBH4,  LiAlH4,  and  NaAlH4.  Theor  Chim 
Acta  1979;52:113-27. 

[139]  Barone  V,  Dolcetti  G,  Lelj  F,  Russo  N.  Transition-metal  tetrahydroborate  com¬ 
plexes  as  catalysts.  1.  Nonempirical  determination  of  static,  dynamic,  and 
chemical  properties  of  the  model  compounds  NaBH4  and  AIH2BH4.  Inorg 
Chem  1981;20:1687-91. 

[140]  Memon  MI,  Wilkinson  GR,  Sherman  WF.  Vibrational  studies  of  BH4~  and  BD4- 
isolated  in  alkali  halides.  J  Mol  Struct  1982;80:113-6. 

[141]  Symons  MCR,  Chen  T,  Glidewell  C.  The  *BH4  radical:  an  electron  spin 
resonance  study  of  the  radiolysis  of  NaBH4.  J  Chem  Soc  Chem  Commun 
1983:326-8. 

[142]  Denuault  G,  Mirkin  MV,  Bard  AJ.  Direct  determination  of  diffusion  coeffi¬ 
cients  by  chronoamperometry  at  microdisk  electrodes.  J  Electroanal  Chem 
1991;308:27-38. 

[143]  Tague  TJ,  Andrews  L.  Reactions  of  pulsed-laser  evaporated  boron  atoms  with 
hydrogen.  Infrared  spectra  of  boron  hydride  intermediate  species  in  solid 
argon.  J  Am  Chem  Soc  1 994;  1 1 6:4970-6. 

[144]  Murtomaa  M,  Laine  E,  Salonen  J,  Kuusinen  O.  On  effects  of  ambient  humidity 
on  sodium  borohydride  powder.  Powder  Handl  Process  1999;11:87-90. 

[145]  Kawashima  Y,  Ulenikov  ON,  Hirota  E.  The  microwave  spectrum  of  sodium 
tetrahydroborate  NaBH4  in  excited  vibrational  states:  coriolis  interaction 
between  the  Na-BH4  stretching  and  the  BH4  rocking  vibrations.  Mol  Phys 
2003;101:623-8. 

[146]  Renaudin  G,  Gomes  S,  Hagemann  H,  Keller  L,  Yvon  K.  Structural  and  spectro¬ 
scopic  studies  on  the  alkali  borohydrides  MBH4  (M  =  Na,  K,  Rb,  Cs).  J  Alloys 
Compd  2004;375:98-106. 

[147]  Orimo  S,  Nakamori  Y,  Ziittel  A.  Material  properties  of  MBH4  (M  =  Li,  Na,  and 
K).  Mater  Sci  Eng  B:  Solid  2004;108:51-3. 

[148]  Hagemann  H,  Gomes  S,  Renaudin  G,  Yvon  K.  Raman  studies  of  reorien¬ 
tation  motions  of  [BH4]_  anions  in  alkali  borohydrides.  J  Alloys  Compd 
2004;363:129-32. 

[149]  Grochala  W,  Edwards  PP.  Thermal  decomposition  of  the  non-interstitial 
hydrides  for  the  storage  and  production  of  hydrogen.  Chem  Rev 
2004;104:1283-315. 

[150]  Araujo  CM,  Ahuja  R,  Talyzin  AV,  Sundqvist  B.  Pressure-induced  structural 
phase  transition  in  NaBH4.  Phys  Rev  B:  Condens  Matter  2005;72:054125. 

[151  ]  Kumar  RS,  Cornelius  AL.  Structural  transitions  in  NaBH4  under  pressure.  Appl 
Phys  Lett  2005:87:261916. 

[152]  Vajeeston  P,  Ravindran  P,  Kjekshus  A,  Fjellvag  H.  Structural  stability  of  alkali 
boron  tetrahydrides  ABH4  (A  =  Li,  Na,  K,  Rb,  Cs)  from  first  principle  calculation. 
J  Alloys  Compd  2005;387:97-104. 

[153]  Czujko  T,  Varin  RA,  Wronski  Z,  Zaranski  Z,  Durejko  T.  Synthesis  and  hydrogen 
desorption  properties  of  nanocomposite  magnesium  hydride  with  sodium 
borohydride  (MgH2  +  NaBH4).J  Alloys  Compd  2007;427:291-9. 

[154]  Cloutier  CR,  Alfantazi  A,  Gyenge  E.  Physicochemical  properties  of  alkaline 
aqueous  sodium  metaborate  solutions.  J  Fuel  Cell  Sci  Technol  2007;4:88-98. 

[155]  Hartman  MR,  Rush  JJ,  Udovic  TJ,  Bowman  Jr  RC,  Hwang  S-J.  Structure 
and  vibrational  dynamics  of  isotopically  labeled  lithium  borohydride  using 
neutron  diffraction  and  spectroscopy.  J  Solid  State  Chem  2007;  180: 1298- 
305. 

[156]  Orimo  S-I,  Nakamori  Y,  Eliseo  JR,  Ziittel  A,  Jensen  CM.  Complex  hydrides  for 
hydrogen  storage.  Chem  Rev  2007;107:4111-32. 

[157]  Ruman  T,  KusTnierz  A,  Jurkiewicz  A,  Lest  A,  Rode  W.  The  synthesis,  reactivity 
and  jH  NMR  investigation  of  the  hydroxyborohydride  anion,  Inorg.  Chem 
Commun  2007;10:1074-8. 

[158]  Ziittel  A,  Borgschulte  A,  Orimo  S-I.  Tetrahydroborates  as  new  hydrogen  stor¬ 
age  materials.  Scripta  Mater  2007;56:823-8. 


3994 


D.M.F.  Santos,  C.A.C.  Sequeira  /  Renewable  and  Sustainable  Energy  Reviews  15  (201 2 )  3980-4001 


[159]  Chernyshov  D,  Bosak  A,  Dmitriev  V,  Filinchuk  Y,  Hagemann  H.  Low-lying 
phonons  in  NaBH4  studied  by  inelastic  scattering  of  synchrotron  radiation. 
Phys  Rev  B:  Condens  Matter  2008;78:172104. 

[160]  Filinchuk  Y,  Hagemann  H.  Structure  and  properties  of  NaBH4-2H20  and 
NaBH4.  EurJ  Inorg  Chem  2008:3127-33. 

[161]  Filinchuk  Y,  Chernyshov  D,  Dmitriev  V.  Light  metal  borohydrides:  crystal 
structures  and  beyond.  Z  Kristallogr  2008;223:649-59. 

[162]  Liu  BH,  Li  ZP,  Suda  S.  Thermal  properties  of  alkaline  sodium  borohydride 
solutions.  Thermochim  Acta  2008;471:103-5. 

[163]  Urgnani  J,  Torres  FJ,  Palumbo  M,  Baricco  M.  Hydrogen  release  from  solid  state 
NaBH4.  IntJ  Hydrogen  Energy  2008;33:3111-5. 

[164]  Stepanov  N,  Uvarov  V,  Popov  I,  Sasson  Y.  Study  of  by-product  of  NaBH4 
hydrolysis  and  its  behavior  at  a  room  temperature.  Int  J  Hydrogen  Energy 
2008;33:7378-84. 

[165]  Chatenet  M,  Molina-Concha  MB,  El-Kissi  N,  Parrour  G,  Diard  J-P.  Direct 
rotating  ring-disk  measurement  of  the  sodium  borohydride  diffusion 
coefficient  in  sodium  hydroxide  solutions.  Electrochim  Acta  2009;54: 
4426-35. 

[166]  Demirci  UB,  Miele  P.  Sodium  tetrahydroborate  as  energy/hydrogen  carrier, 
its  history.  C  R  Chimie  2009;12:943-50. 

[167]  Galvez-Ruiz  JC,  Sanchez  M.  Structural  analysis  of  alkali  metal  tetrahydrobo- 
rates:  the  role  of  metal  and  coordination  form  in  the  [BH4]~  anion  structure. 
J  Mol  Struct  Theochem  2009;908:114-6. 

[168]  Mao  JF,  Yu  XB,  Guo  ZP,  Liu  HK,  Wu  Z,  Ni  J.  Enhanced  hydrogen  storage  perfor¬ 
mances  ofNaBH4-MgH2  system.  J  Alloys  Compd  2009;479:619-23. 

[169]  Mao  JF,  Yu  XB,  Guo  ZP,  Poh  CK,  Liu  HK,  Wu  Z,  et  al.  Improvement  of 
the  LiAlH4-NaBH4  system  for  reversible  hydrogen  storage.  J  Phys  Chem  C 
2009;113:10813-8. 

[170]  Remhof  A,  Lodziana  Z,  Buchter  F,  Martelli  P,  Pendolino  F,  Friedrichs  O,  et  al. 
Rotational  diffusion  in  NaBH4.  J  Phys  Chem  C  2009;113:16834-7. 

[171]  Zhang  X-D,  Hou  Z-F,  Jiang  Z-Y,  Hou  Y-Q,  Elastic  constants  of  NaBH4  and  LiBH4 : 
instability  of  |3-LiBH4.  Europhys  Lett  2009;88:36005. 

[172]  Babanova  OA,  Soloninin  AV,  Stepanov  AP,  Skripov  AV,  Filinchuk  Y.  Structural 
and  dynamical  properties  of  NaBH4  and  KBH4:  NMR  and  synchrotron  X-ray 
diffraction  studies.  J  Phys  Chem  C  2010;114:3712-8. 

[173]  Basu  S,  Diwan  M,  Abiad  MG,  Zheng  Y,  Campanella  OH,  Varma  A.  Transport 
characteristics  of  dehydrogenated  ammonia  borane  and  sodium  borohydride 
spent  fuels.  IntJ  Hydrogen  Energy  2010;35:2063-72. 

[174]  Filinchuk  Y,  Talyzin  AV,  Hagemann  H,  Dmitriev  V,  Chernyshov  D,  Sundqvist 
B.  Cation  size  and  anion  anisotropy  in  structural  chemistry  of  metal 
borohydrides.  The  peculiar  pressure  evolution  of  RbBH4.  Inorg  Chem 
2010;49:5285-92. 

[175]  Garroni  S,  Milanese  C,  Girella  A,  Marini  A,  Mulas  G,  Menendez  E,  et  al.  Sorption 
properties  of  NaBH4/MH2  (M  =  Mg,  Ti)  powder  systems.  IntJ  Hydrogen  Energy 
2010;35:5434-41. 

[176]  Kim  K-C,  Sholl  DS.  Crystal  structures  and  thermodynamic  investigations  of 
LiK(BH4)2,  KBH4,  and  NaBH4  from  first-principles  calculations.  J  Phys  Chem  C 
2010;114:678-86. 

[177]  Martelli  P,  Caputo  R,  Remhof  A,  Mauron  P,  Borgschulte  A,  Ziittel  A.  Stability 
and  decomposition  of  NaBH4.  J  Phys  Chem  C  2010;114:7173-7. 

[178]  Remhof  A,  Lodziana  Z,  Martelli  P,  Friedrichs  O,  Ziittel  A,  Skripov  AV,  et  al.  Rota¬ 
tional  motion  of  BH4  units  in  MBH4  (M  =  Li,Na,K)  from  quasielastic  neutron 
scattering  and  density  functional  calculations.  Phys  Rev  B:  Condens  Matter 
2010;81:214304. 

[179]  Konoplev  VN,  Bakulina  VM.  Some  properties  of  magnesium  borohydride.  Rus 
Chem  Bull  1971;20:136-8. 

[180]  Marynick  DS,  Lipscomb  WN.  Crystal  structure  of  beryllium  borohydride.  Inorg 
Chem  1972;11:820-3. 

[181]  Varin  RA,  Chiu  Ch,  Wronski  ZS.  Mechano-chemical  activation  syn¬ 
thesis  (MCAS)  of  disordered  Mg(BH4)2  using  NaBH4.  J  Alloys  Compd 
2008;462:201-8. 

[182]  Li  H-W,  Orimo  S,  Nakamori  Y,  Miwa  K,  Ohba  N,  Towata  S,  et  al.  Materials 
designing  of  metal  borohydrides:  viewpoints  from  thermodynamical  stabili¬ 
ties.  J  Alloys  Compd  2007;446-447:315-8. 

[183]  Noritake  T,  Aoki  M,  Towata  S,  Ninomiya  A,  Nakamori  Y,  Orimo  S.  Crystal  struc¬ 
ture  analysis  of  novel  complex  hydrides  formed  by  the  combination  of  LiBH4 
and  LiNH2.  Appl  Phys  A  2006;83:277-9. 

[184]  Fischer  P,  Ziittel  A.  Order-disorder  phase  transition  in  NaBD4.  Mater  Sci  Forum 
2004;443-444:287-90. 

[185]  Davis  RL,  Kennard  CHL.  Structure  of  sodium  tetradeuteroborate,  NaBD4.  J  Solid 
State  Chem  1985;59:393-6. 

[186]  Santos  DMF.  Analysis  of  boron  compounds  present  in  the  electrosynthesis  of 
sodium  tetrahydroborate.  M.Sc.  thesis.  TU  Lisbon,  Portugal;  2006. 

[187]  Krynitsky  JA,  Johnson  JE,  Carhart  HW.  Determination  of  lithium  aluminum 
hydride  in  solution.  Anal  Chem  1948;20:311-2. 

[188]  Lyttle  DA,  Jensen  EH,  Struck  WA.  A  simple  volumetric  assay  for  sodium  boro¬ 
hydride.  Anal  Chem  1952;24:1843-4. 

[189]  Chaikin  SW.  Direct  volumetric  assay  of  sodium  borohydride  and  potassium 
borohydride.  Anal  Chem  1953;25:831-2. 

[190]  Brown  HC,  Boyd  AC.  Argentimetric  procedure  for  borohydride  determination. 
Anal  Chem  1955;27:156-8. 

[191]  Schutte  CJH.  The  infra-red  spectrum  of  thin  films  of  sodium  borohydride. 
Spectrochim  Acta  1960;16:1054-9. 

[192]  Ketelaar  JAA,  Schutte  CJH.  The  borohydride  ion  (BH4~)  in  a  face-centred  cubic 
alkali-halide  lattice.  Spectrochim  Acta  1 961 ;  1 7 : 1 240-3. 


[193]  Gardiner  JA,  Collat  JW.  Polarography  of  the  tetrahydroborate  ion.  The  effect 
of  hydrolysis  on  the  system.  Inorg  Chem  1965;4:1208-12. 

[194]  Lichtenstein  IE,  Mras  JS.  Indirect  ultraviolet  spectrophotometric  determina¬ 
tion  of  borohydride  using  acetone.  J  Franklin  Inst  1966;281 :481-5. 

[195]  BielmannJF,  Callot  HJ.  Reduction  d’analogues  de  sels  de  nicotinamide  substi- 
tues  sur  le  cycle.  Bull  Soc  Chim  Fr  1968;3:1159-65. 

[196]  Shah  AR,  Padma  DK,  Murthy  ARV.  Assay  of  sodium  borohydride  by 
chloramine-T  oxidation.  Analyst  1972;97:17-8. 

[197]  Nahum  LS.  Determination  of  sodium  borohydride  and  sodium  sulfite 
in  the  presence  of  each  other  in  pulping  liquors.  Anal  Chem  1972;44: 
593-4. 

[198]  Werner  DA,  Huang  CC,  Aminoff  D.  Micro  method  for  determination  of  boro¬ 
hydride  with  NAD+.  Anal  Biochem  1973;54:554-60. 

[199]  Rudie  CN,  Demko  PR.  Low  level  sodium  borohydride  determination  in 
organic  media  using  a  triarylmethyl  carbonium  ion.  J  Am  Oil  Chem  Soc 
1979;56:520-1. 

[200]  Elamin  B,  Means  GE.  Spectrophotometric  determination  of  sodium 
borohydride  with  2,4,6-trinitrobenzenesulfonic  acid.  Anal  Chim  Acta 
1979;107:405-9. 

[201]  Salmi  T.  Gas-chromatographic  determination  of  the  product  distribution  in 
the  synthesis  of  sodium  borohydride.  Talanta  1983;30:767-70. 

[202]  Mirkin  MV,  Bard  AJ.  Voltammetric  method  for  the  determination  of  boro¬ 
hydride  concentration  in  alkaline  aqueous  solutions.  Anal  Chem  1991  ;63: 
532-3. 

[203]  Nikoli  SD,  Milosavljevi  EB,  Hendrix  JL,  Nelson  JH.  Indirect  determination  of 
tetrahydroborate  (BH4_ )  by  gas-diffusion  flow  injection  analysis  with  amper- 
ometric  detection.  Talanta  1993;40:1283-7. 

[204]  Amendola  SC,  Onnerud  P,  Kelly  MT,  Binder  M.  Inexpensive,  in-situ  monitoring 
of  borohydride  concentrations.  Talanta  1999;49:267-70. 

[205]  £elikkan  H,  Aydin  H,  Aksu  ML.  The  electroanalytical  determination  of  sodium 
borohydride  using  a  gold  electrode.  TurkJ  Chem  2005;29:519-24. 

[206]  Liang  Z,  Zhang  F,  Sun  Y.  Determination  of  microcontent  borohydride  con¬ 
centrations  by  open  circuit  potential  on  nickel  electrode.  Chin  J  Anal  Chem 
2006;34:S145-7. 

[207]  McLaffertyJB.TokashJC,  Zhang  Y-C,  Coulson  WJ,  Macdonald  DD.  Electroanal¬ 
ysis  of  the  borohydride  ion.  ECS  Trans  2007;2:19-25. 

[208]  Jeng  KT,  Huang  WM,  Chien  CC,  Hsu  NY.  A  versatile  electrochemical 
fuel  sensor  for  direct  membrane  fuel  cell  applications.  Sens  Actuators,  B 
2007;125:278-83. 

[209]  Santos  DMF,  Sequeira  CAC.  Sodium  borohydride  determination  by  measure¬ 
ment  of  open  circuit  potentials.]  Electroanal  Chem  2009;627:1-8. 

[210]  Unal  U,  Somer  G.  Determination  of  trace  borohydride  in  basic  solutions  using 
differential  pulse  polarography.  TurkJ  Chem  2009;33:657-65. 

[211]  Pourbaix  M.  Atlas  of  electrochemical  equilibria  in  aqueous  solutions.  2nd  ed. 
Houston,  TX:  NACE  International;  1974. 

[212]  Bard  AJ,  Parsons  R,  Jordan  J,  editors.  Standard  potentials  in  aqueous  solution. 
New  York:  Marcel  Dekker;  1985. 

[213]  Chase  Jr  MW.  NIST-JANAF  thermochemical  tables.  J  Phys  Chem  Ref  Data. 
Monograph  9,  American  Chemical  Society  and  American  Institute  of  Physics, 
Washington,  DC;  1998. 

[214]  Schlesinger  HI,  Brown  HC,  Finholt  AE,  Gilbreath  JR,  Hoekstra  HR,  Hyde  EK. 
Sodium  borohydride,  its  hydrolysis  and  its  use  as  a  reducing  agent  and  in  the 
generation  of  hydrogen.  J  Am  Chem  Soc  1953;75:215-9. 

[215]  Levy  A,  Brown  JB,  Lyons  CJ.  Catalyzed  hydrolysis  of  sodium  borohydride.  Ind 
Eng  Chem  1960;52:211-4. 

[216]  Brown  HC,  Brown  CA.  New,  highly  active  metal  catalysts  for  the  hydrolysis  of 
borohydride.  J  Am  Chem  Soc  1962;84:1493-4. 

[217]  Davis  RE,  Bromels  E,  Kibby  CL.  Boron  hydrides.  III.  Hydrolysis  of  sodium  boro¬ 
hydride  in  aqueous  solution.  J  Am  Chem  Soc  1962;84:885-92. 

[218]  Davis  RE.  Boron  hydrides.  IV.  Concerning  the  geometry  of  the  activated  com¬ 
plex  in  the  hydrolysis  of  borohydride  ion  by  trimethylammonium  ion.  J  Am 
Chem  Soc  1962;84:892-4. 

[219]  Mesmer  RE,  Jolly  WL.  The  hydrolysis  of  aqueous  hydroborate.  Inorg  Chem 
1962;1:608-12. 

[220]  Gardiner  JA,  Collat  JW.  Kinetics  of  the  stepwise  hydrolysis  of  tetrahydroborate 
ion.  J  Am  Chem  Soc  1965;87:1692-700. 

[221  ]  Davis  RE,  Swain  CG.  General  acid  catalysis  of  the  hydrolysis  of  sodium  boro¬ 
hydride.  J  Am  Chem  Soc  1960;82:5949-50. 

[222]  Davis  RE.  An  inverse  hydrogen  isotope  effect  in  the  hydrolysis  of  sodium 
borohydride.  J  Am  Chem  Soc  1960;82:5950-1. 

[223]  Stockmayer  WH,  Miller  RR,  Zeto  RJ.  Kinetics  of  borohydride  hydrolysis.  J  Phys 
Chem  1961;65:1076-7. 

[224]  Brown  HC,  Brown  CA.  Reaction  of  sodium  borohydride  with  platinum  metal 
salts  in  the  presence  of  decolorizing  carbon  -  a  supported  platinum  cat¬ 
alyst  of  markedly  enhanced  activity  for  hydrogenations.  J  Am  Chem  Soc 
1962:84:2827. 

[225]  Brown  CA,  Brown  HC.  A  simple  automatic  procedure  for  catalytic  hydro¬ 
genations  in  glass  apparatus  at  atmospheric  pressure.  J  Am  Chem  Soc 
1962;84:2829-30. 

[226]  Davis  RE,  Bloomer  JA,  Cosper  DR,  Saba  A.  Boron  hydrides.  VII.  The  metal 
ion  catalyzed  hydrolysis  of  sodium  borohydride  in  heavy  water.  Inorg  Chem 
1964;3:460-1. 

[227]  Brown  HC,  Brown  CA.  Catalytic  hydrogenation  -  I.  The  reaction  of  platinum 
metal  salts  with  sodium  borohydride-new  active  platinum  metal  catalysts  for 
hydrogenation.  Tetrahedron  1966;22:149-64. 


D.M.F.  Santos,  C.A.C.  Sequeira  /  Renewable  and  Sustainable  Energy  Reviews  15  (201  \ )  3980-4001 


3995 


[228]  Curran  DJ.  Determination  of  unsaturation  by  analytical  hydrogenation  and 
null  point  pressuremetry.  Anal  Chem  1970;42:1414-9. 

[229]  Kaufman  CM,  Sen  B.  Hydrogen  generation  by  hydrolysis  of  sodium  tetrahy- 
droborate:  effects  of  acids  and  transition  metals  and  their  salts.  J  Chem  Soc 
Dalton  Trans  1985:307-13. 

[230]  Kong  VCY,  Foulkes  FR,  Kirk  DW,  Hinatsu  JT.  Development  of  hydrogen  storage 
for  fuel  cell  generators.  I:  hydrogen  generation  using  hydrolysis  hydrides.  Int 
J  Hydrogen  Energy  1999;24:665-75. 

[231]  Aiello  R,  Sharp  JH,  Matthews  MA.  Production  of  hydrogen  from  chemical 
hydrides  via  hydrolysis  with  steam.  IntJ  Hydrogen  Energy  1999;24:1123-30. 

[232]  Amendola  SC,  Sharp-Goldman  SL,  Janjua  MS,  Kelly  MT,  Petillo  PJ,  Binder  M. 
An  ultrasafe  hydrogen  generator:  aqueous,  alkaline  borohydride  solutions 
and  Ru  catalyst.  J  Power  Sources  2000;85:186-9. 

[233 ]  Kojima  Y,  Suzuki  K,  Fukumoto  K,  Sasaki  M,  Yamamoto  T,  Kawai  Y,  et  al.  Hydro¬ 
gen  generation  using  sodium  borohydride  solution  and  metal  catalyst  coated 
on  metal  oxide.  IntJ  Hydrogen  Energy  2002;27:1029-34. 

[234]  Wu  C,  Zhang  H,  Yi  B.  Hydrogen  generation  from  catalytic  hydrolysis  of 
sodium  borohydride  for  proton  exchange  membrane  fuel  cells.  Catal  Today 
2004;93-95:477-83. 

[235]  KimJ-H,  Kim  K-T,  Kang  Y-M,  Kim  H-S,  Song  M-S,  Lee  Y-J,  etal.  Study  on  degra¬ 
dation  of  filamentary  Ni  catalyst  on  hydrolysis  of  sodium  borohydride.  J  Alloys 
Compd  2004;379:222-7. 

[236]  Xia  ZT,  Chan  SH.  Feasibility  study  of  hydrogen  generation  from  sodium 
borohydride  solution  for  micro  fuel  cell  applications.  J  Power  Sources 
2005;152:46-9. 

[237]  Richardson  BS,  Birdwell  JF,  Pin  FG,  Jansen  JF,  Lind  RF.  Sodium  borohydride 
based  hybrid  power  system.  J  Power  Sources  2005;145:21-9. 

[238]  Krishnan  P,  Yang  TH,  Lee  WY,  Ki  CS.  PtRu-LiCo02  -  an  efficient  catalyst  for 
hydrogen  generation  from  sodium  borohydride  solutions.  J  Power  Sources 
2005;143:17-23. 

[239]  Jeong  SU,  Kim  RK,  Cho  EA,  Kim  H-J,  Nam  S-W,  Oh  I-H,  et  al.  A  study  on  hydrogen 
generation  from  NaBH4  solution  using  the  high-performance  Co-B  catalyst.  J 
Power  Sources  2005;144:129-34. 

[240]  Amendola  SC,  Sharp-Goldman  SL,  Janjua  MS,  Spencer  NC,  Kelly  MT, 
Petillo  PJ,  et  al.  A  safe,  portable,  hydrogen  gas  generator  using  aqueous 
borohydride  solution  and  Ru  catalyst.  Int  J  Hydrogen  Energy  2000;25: 
969-75. 

[241  ]  Suda  S,  Sun  YM,  Liu  BH,  Zhou  Y,  Morimitsu  S,  Arai  K,  et  al.  Catalytic  generation 
of  hydrogen  by  applying  fluorinated-metal  hydrides  as  catalysts.  Appl  Phys  A 
2001;72:209-12. 

[242]  Hua  D,  Hanxi  Y,  Xinping  A,  Chuansin  C.  Hydrogen  production  from  catalytic 
hydrolysis  of  sodium  borohydride  solution  using  nickel  boride  catalyst.  IntJ 
Hydrogen  Energy  2003;28:1095-100. 

[243]  Kojima  Y,  Suzuki  K,  Fukumoto  K,  Kawai  Y,  Kimbara  M,  Nakanishi  H,  et  al. 
Development  of  lOkW-scale  hydrogen  generator  using  chemical  hydride.  J 
Power  Sources  2004;125:22-6. 

[244]  KimJ-H,  Lee  H,  Han  S-C,  Kim  H-S,  Song  M-S,  LeeJ-Y.  Production  of  hydrogen 
from  sodium  borohydride  in  alkaline  solution:  development  of  catalyst  with 
high  performance.  IntJ  Hydrogen  Energy  2004;29:263-7. 

[245]  Zaluska  A,  Zaluski  L.  New  catalytic  complexes  for  metal  hydride  systems.  J 
Alloys  Compd  2005;404-406:706-ll. 

[246]  Wu  C,  Wu  F,  Bai  Y,  Yi  B,  Zhang  H.  Cobalt  boride  catalysts  for  hydrogen  gener¬ 
ation  from  alkaline  NaBH4  solution.  Mater  Lett  2005;59:1748-51. 

[247]  Varin  RA,  Chiu  Ch.  Structural  stability  of  sodium  borohydride  (NaBH4)  during 
controlled  mechanical  milling.  J  Alloys  Compd  2005;397:276-81. 

[248]  Vajo  JJ,  Skeith  SL,  Mertens  F,  Jorgensen  SW.  Hydrogen-generating  solid-state 
hydride/hydroxide  reactions.  J  Alloys  Compd  2005;390:55-61. 

[249]  Ozkar  S,  Zahmakiran  M.  Hydrogen  generation  from  hydrolysis  of  sodium 
borohydride  using  Ru(0)  nanoclusters  as  catalyst.  J  Alloys  Compd 
2005;404-406:728-31. 

[250]  Kojima  Y,  Kawai  Y,  Nakanish  H,  Matsumoto  S.  Compressed  hydrogen  gener¬ 
ation  using  chemical  hydride.  J  Power  Sources  2004;135:36-41. 

[251]  Grochala  W,  Edwards  PP.  Chemical  tuning  of  the  thermal  decomposition 
temperature  of  inorganic  hydrides:  computational  aspects.  J  Alloys  Compd 
2005;404-406:31-4. 

[252]  Gervasio  D,  Tasic  S,  Zenhausern  F.  Room  temperature  micro-hydrogen- 
generator.  J  Power  Sources  2005;149:15-21. 

[253]  Wee  JH.  A  comparison  of  sodium  borohydride  as  a  fuel  for  proton  exchange 
membrane  fuel  cells  and  for  direct  borohydride  fuel  cells.  J  Power  Sources 
2006;155:329-39. 

[254]  Ay  M,  Midilli  A,  Dincer  I.  Investigation  of  hydrogen  production  from  boron 
compounds  for  PEM  fuel  cells.  J  Power  Sources  2006;157:104-13. 

[255]  Bai  Y,  Wu  C,  Wu  F,  Yi  B.  Carbon-supported  platinum  catalysts  for 
on-site  hydrogen  generation  from  NaBH4  solution.  Mater  Lett  2006; 60: 
2236-9. 

[256]  Bai  Y,  Wu  F,  Wu  C,  Yi  B-L,  Zhang  H-M.  Study  on  Co-B  alloys  for  on-board 
hydrogen  generation  from  sodium  borohydride.  Xiandai  Huagong/Mod  Chem 
Ind  2006;26:28-31. 

[257]  Guella  G,  Zanchetta  C,  Patton  B,  Miotello  A.  New  insights  on  the  mechanism  of 
palladium-catalyzed  hydrolysis  of  sodium  borohydride  from  11 B  NMR  mea¬ 
surements.  J  Phys  Chem  B  2006;  1 10:1 7024-33. 

[258]  Liu  BH,  Li  ZP,  Suda  S.  Nickel-  and  cobalt-based  catalysts  for  hydrogen  gener¬ 
ation  by  hydrolysis  of  borohydride.  J  Alloys  Compd  2006;415:288-93. 

[259]  Nakamori  Y,  Ninomiya  A,  Kitahara  G,  Aoki  M,  Noritake  T,  Miwa  K, 
et  al.  Dehydriding  reactions  of  mixed  complex  hydrides.  J  Power  Sources 
2006;155:447-55. 


[260]  Pinto  AMFR,  Falcao  DS,  Silva  RA,  Rangel  CM.  Hydrogen  generation  and  stor¬ 
age  from  hydrolysis  of  sodium  borohydride  in  batch  reactors.  IntJ  Hydrogen 
Energy  2006;31:1341-7. 

[261]  Shang  Y,  Chen  R.  Hydrogen  storage  via  the  hydrolysis  of  NaBH4  basic 
solution:  optimization  of  NaBH4  concentration.  Energy  Fuels  2006;20: 
2142-8. 

[262]  Shang  Y,  Chen  R.  Semiempirical  hydrogen  generation  model  using 
concentrated  sodium  borohydride  solution.  Energy  Fuels  2006;20: 
2149-54. 

[263]  Wee  JH,  Lee  ICY,  Kim  SH.  Sodium  borohydride  as  the  hydrogen  supplier 
for  proton  exchange  membrane  fuel  cell  systems.  Fuel  Process  Technol 
2006;87:811-9. 

[264]  Wu  C,  Wu  F,  Bai  Y,  Yi  B-L.  Platinum-based  catalysts  for  hydrogen  genera¬ 
tion  from  hydrolysis  of  sodium  borohydride.  Xiandai  Huagong/Mod  Chem 
Ind  2006;26:82-4. 

[265]  Zahmakiran  M,  Ozkar  S.  Water  dispersible  acetate  stabilized  ruthenium(O) 
nanoclusters  as  catalyst  for  hydrogen  generation  from  the  hydrolysis  of 
sodium  borohydride.  J  Mol  Catal  A:  Chem  2006;258:95-103. 

[266]  Zhang  J,  Fisher  TS,  Gore  JP,  Hazra  D,  Ramachandran  PV.  Heat  of  reaction  mea¬ 
surements  of  sodium  borohydride  alcoholysis  and  hydrolysis.  IntJ  Hydrogen 
Energy  2006;31:2292-8. 

[267]  Zhang  Q,  Smith  G,  Wu  Y,  Mohring  R.  Catalytic  hydrolysis  of  sodium 
borohydride  in  an  auto-thermal  fixed-bed  reactor.  Int  J  Hydrogen  Energy 
2006;31:961-5. 

[268]  Zimmer  JL.  Hydrolysis  of  sodium  borohydride  for  on-board  hydrogen  storage 
Go/No-go  decision.  Fed  Regist  2006;71:76307-8. 

[269]  Cho  ICW,  Kwon  HS.  Effects  of  electrodeposited  Co  and  Co-P  catalysts  on  the 
hydrogen  generation  properties  from  hydrolysis  of  alkaline  sodium  borohy¬ 
dride  solution.  Catal  Today  2007;120:298-304. 

[270]  Cloutier  CR,  Alfantazi  AM,  Gyenge  E.  Physicochemical  transport  properties 
of  aqueous  sodium  metaborate  solutions  for  sodium  borohydride  hydro¬ 
gen  generation  and  storage  and  fuel  cell  applications.  Adv  Mater  Res 
2007:15-17:267-74. 

[271]  Diakov  V,  Diwan  M,  Shafirovich  E,  Varma  A.  Mechanistic  studies  of 
combustion-stimulated  hydrogen  generation  from  sodium  borohydride. 
Chem  Eng  Sci  2007;62:5586-91. 

[272]  Ersoz  Y,  Yildirim  R,  Akin  AN.  Development  of  an  active  platine-based  catalyst 
for  the  reaction  of  H2  production  from  NaBH4.  Chem  Eng  J  2007;134:282-7. 

[273]  Guella  G,  Patton  B,  Miotello  A.  Kinetic  features  of  the  platinum  catalyzed 
hydrolysis  of  sodium  borohydride  from  1 1 B  NMR  measurements.  J  Phys  Chem 
C  2007;111:18744-50. 

[274]  Han  MK,  Han  JH,  An  K,  Jeon  DS,  Gervasio  D,  Song  I,  et  al.  Study  on  a  reactor 
design  and  catalyst  for  hydrogen  generation  from  alkaline  solution  of  sodium 
borohydride.  Mater  Sci  Forum  2007;539-543:2295-300. 

[275]  Ingersoll  JC,  Mani  N,  Thenmozhiyal  JC,  Muthaiah  A.  Catalytic  hydrolysis  of 
sodium  borohydride  by  a  novel  nickel-cobalt-boride  catalyst.  J  Power  Sources 
2007;173:450-7. 

[276]  Jeong  SU,  Cho  EA,  Nam  SW,  Oh  IH,  Jung  UH,  Kim  SH.  Effect  of  preparation 
method  on  Co-B  catalytic  activity  for  hydrogen  generation  from  alkali  NaBH4 
solution.  IntJ  Hydrogen  Energy  2007;32:1749-54. 

[277]  Kim  SJ,  Lee  J,  Kong  KY,  Jung  CR,  Min  IG,  Lee  SY,  et  al.  Hydrogen  generation 
system  using  sodium  borohydride  for  operation  of  a  400W-scale  polymer 
electrolyte  fuel  cell  stack.  J  Power  Sources  2007;170:412-8. 

[278]  Krishnan  P,  Hsueh  KL,  Yim  SD.  Catalysts  for  the  hydrolysis  of  aqueous  boro¬ 
hydride  solutions  to  produce  hydrogen  for  PEM  fuel  cells.  Appl  Catal  B 
2007;77:206-14. 

[279]  Lo  C-TF,  Karan  K,  Davis  BR.  Kinetic  studies  of  reaction  between  sodium 
borohydride  and  methanol,  water,  and  their  mixtures.  Ind  Eng  Chem  Res 
2007;46:5478-84. 

[280]  Marrero-Alfonso  EY,  Gray  JR,  Davis  TA,  Matthews  MA.  Minimizing  water  uti¬ 
lization  in  hydrolysis  of  sodium  borohydride:  the  role  of  sodium  metaborate 
hydrates.  IntJ  Hydrogen  Energy  2007;32:4723-30. 

[281]  Marrero-Alfonso  EY,  Gray  JR,  Davis  TA,  Matthews  MA.  Hydrolysis  of  sodium 
borohydride  with  steam.  IntJ  Hydrogen  Energy  2007;32:4717-22. 

[282]  Metin  O,  Ozkar  S.  Hydrogen  generation  from  the  hydrolysis  of  sodium  boro¬ 
hydride  by  using  water  dispersible,  hydrogenphosphate-stabilized  nickel(0) 
nanoclusters  as  catalyst.  IntJ  Hydrogen  Energy  2007;32:1707-15. 

[283]  Mitov  M,  Rashkov  R,  Atanassov  N,  Zielonka  A.  Effects  of  nickel  foam 
dimensions  on  catalytic  activity  of  supported  Co-Mn-B  nanocomposites 
for  hydrogen  generation  from  stabilized  borohydride  solutions.  J  Mater  Sci 
2007;42:3367-72. 

[284]  Patel  N,  Guella  G,  Kale  A,  Miotello  A,  Patton  B,  Zanchetta  C,  et  al.  Thin  films  of 
Co-B  prepared  by  pulsed  laser  deposition  as  efficient  catalysts  in  hydrogen 
producing  reactions.  Appl  Catal  A  2007;323:18-24. 

[285]  Patel  N,  Fernandes  R,  Guella  G,  Kale  A,  Miotello  A,  Patton  B,  et  al.  Pulsed- 
laser  deposition  of  nanostructured  Pd/C  thin  films.  A  new  entry  into 
metal-supported  catalysts  for  hydrogen  producing  reactions.  Appl  Surf  Sci 
2007;254:1307-11. 

[286]  Pena-Alonso  R,  Sicurelli  A,  Callone  E,  Carturan  G,  Raj  R.  A  picoscale  cat¬ 
alyst  for  hydrogen  generation  from  NaBH4  for  fuel  cells.  J  Power  Sources 
2007;165:315-23. 

[287]  Shafirovich  E,  Diakov  V,  Varma  A.  Combustion-assisted  hydrolysis  of 
sodium  borohydride  for  hydrogen  generation.  Int  J  Hydrogen  Energy 
2007;32:207-11. 

[288]  Simagina  VI,  Storozhenko  PA,  Netskina  OV,  Komova  OV,  Odegova  GV, 
Samoilenko  TY,  et  al.  Effect  of  the  nature  of  the  active  component  and  sup- 


3996 


D.M.F.  Santos,  C.A.C.  Sequeira  /  Renewable  and  Sustainable  Energy  Reviews  15  (201 2 )  3980-4001 


port  on  the  activity  of  catalysts  for  the  hydrolysis  of  sodium  borohydride. 
Kinet  Catal  2007 ;48 : 1 68-75. 

[289]  Soler  L,  Macanas  J,  Munoz  M,  Casado  J.  Synergistic  hydrogen  generation  from 
aluminum,  aluminum  alloys  and  sodium  borohydride  in  aqueous  solutions. 
Int  J  Hydrogen  Energy  2007;32:4702-10. 

[290]  Xu  D,  Zhang  H,  Ye  W.  Hydrogen  production  from  sodium  borohydride.  Prog 
Chem  2007;19:1598-605. 

[291  ]  Xu  D,  Zhang  H,  Ye  W.  Hydrogen  generation  from  hydrolysis  of  alkaline  sodium 
borohydride  solution  using  Pt/C  catalyst.  Catal  Commun  2007;8:1767-71. 

[292]  Ye  W,  Zhang  H,  Xu  D,  Ma  L,  Yi  B.  Hydrogen  generation  utilizing  alkaline 
sodium  borohydride  solution  and  supported  cobalt  catalyst.  1  Power  Sources 
2007;164:544-8. 

[293]  Zanchetta  C,  Patton  B,  Guella  G,  Miotello  A.  An  integrated  apparatus  for 
production  and  measurement  of  molecular  hydrogen.  Meas  Sci  Technol 
2007;18:N21-6. 

[294]  Zhang  J,  Zheng  Y,  Gore  JP,  Fisher  TS.  1  l<We  sodium  borohydride  hydro¬ 
gen  generation  system:  part  I:  experimental  study.  J  Power  Sources 
2007;165:844-53. 

[295]  Zhang  J,  Zheng  Y,  Gore  JP,  Mudawar  I,  Fisher  TS.  1  kWe  sodium  borohy¬ 
dride  hydrogen  generation  system:  part  II:  reactor  modeling.  J  Power  Sources 
2007;170:150-9. 

[296]  Zhang  JS,  Delgass  WN,  Fisher  TS,  Gore  JP.  Kinetics  of  Ru-catalyzed  sodium 
borohydride  hydrolysis.  J  Power  Sources  2007;164:772-81. 

[297]  Zhang  Q,  Wu  Y,  Sun  X,  Ortega  J.  Kinetics  of  catalytic  hydrolysis  of  stabilized 
sodium  borohydride  solutions.  Ind  Eng  Chem  Res  2007;46:1120-4. 

[298]  Zhang  Q,  Smith  GM,  Wu  Y.  Catalytic  hydrolysis  of  sodium  borohydride 
in  an  integrated  reactor  for  hydrogen  generation.  Int  J  Hydrogen  Energy 
2007;32:4731-5. 

[299]  Araujo  CM,  Blomqvist  A,  Ahuja  R.  Ti-induced  destabilization  of  NaBH4  from 
first-principles  theory.  J  Phys  Condens  Matter  2008;20:122202. 

[300]  Chen  Y,  Kim  H.  Use  of  a  nickel-boride-silica  nanocomposite  catalyst  pre¬ 
pared  by  in-situ  reduction  for  hydrogen  production  from  hydrolysis  of  sodium 
borohydride.  Fuel  Process  Technol  2008;89:966-72. 

[301  ]  Chen  Y,  Kim  H.  Ni/Ag/silica  nanocomposite  catalysts  for  hydrogen  generation 
from  hydrolysis  ofNaBH4  solution.  Mater  Lett  2008;62:1451-4. 

[302]  Dai  H-B,  Liang  Y,  Ma  L-P,  Wang  P.  New  insights  into  catalytic  hydrolysis  kinet¬ 
ics  of  sodium  borohydride  from  Michaelis-Menten  model.  J  Phys  Chem  C 
2008;112:15886-92. 

[303]  Demirci  UB,  Garin  F.  Ru-based  bimetallic  alloys  for  hydrogen  generation  by 
hydrolysis  of  sodium  tetrahydroborate.  J  Alloys  Compd  2008;463:107-11. 

[304]  Demirci  UB,  Garin  F.  Pt  catalysed  hydrogen  generation  by  hydrolysis  of  sodium 
tetrahydroborate.  Int  J  Green  Energy  2008;5:148-56. 

[305]  Demirci  UB,  Garin  F.  Promoted  sulphated-zirconia  catalysed  hydrolysis  of 
sodium  tetrahydroborate.  Catal  Commun  2008;9:1167-72. 

[306]  Demirci  UB,  Garin  F.  Kinetics  of  Ru-promoted  sulphated  zirconia  catalysed 
hydrogen  generation  by  hydrolysis  of  sodium  tetrahydroborate.  J  Mol  Catal 
A:  Chem  2008;279:57-62. 

[307]  Demirci  UB.  Hydrogen  production  via  catalysed  hydrolysis  of  borohydride. 
Actual  Chim  2008;316:22-7. 

[308]  Dai  HB,  Liang  Y,  Wang  P,  Cheng  HM.  Amorphous  cobalt-boron/nickel  foam  as 
an  effective  catalyst  for  hydrogen  generation  from  alkaline  sodium  borohy¬ 
dride  solution.  J  Power  Sources  2008;177:17-23. 

[309]  Dai  HB,  Liang  Y,  Wang  P,  Yao  XD,  Rufford  T,  Lu  M,  et  al.  High-performance 
cobalt-tungsten-boron  catalyst  supported  on  Ni  foam  for  hydrogen  gen¬ 
eration  from  alkaline  sodium  borohydride  solution.  Int  J  Hydrogen  Energy 
2008;33:4405-12. 

[310]  Eom  K,  Cho  K,  Kwon  H.  Effects  of  electroless  deposition  conditions  on 
microstructures  of  cobalt-phosphorous  catalysts  and  their  hydrogen  gener¬ 
ation  properties  in  alkaline  sodium  borohydride  solution.  J  Power  Sources 
2008;180:484-90. 

[311]  Gonsalves  A,  Castro  P,  Novais  AQ,  Rangel  CM,  Matos  H.  Modeling  of  catalytic 
hydrogen  generation  from  sodium  borohydride.  Comput  Aided  Chem  Eng 
2008;25:757-62. 

[312]  Hsueh  C-L,  Chen  C-Y,  Ku  J-R,  Tsai  S-F,  Hsu  Y-Y,  Tsau  F,  et  al.  Simple  and 
fast  fabrication  of  polymer  template-Ru  composite  as  a  catalyst  for  hydro¬ 
gen  generation  from  alkaline  NaBH4  solution.  J  Power  Sources  2008;  177: 
485-92. 

[313]  Huang  Y,  Wang  Y,  Zhao  R,  Shen  PK,  Wei  Z.  Accurately  measuring  the  hydrogen 
generation  rate  for  hydrolysis  of  sodium  borohydride  on  multiwalled  carbon 
nanotubes/Co-B  catalysts.  Int  J  Hydrogen  Energy  2008;33:7110-5. 

[314]  Hung  A-J,  Tsai  S-F,  Hsu  Y-Y,  KuJ-R,  Chen  Y-H,  Yu  C-C.  Kinetics  of  sodium  boro¬ 
hydride  hydrolysis  reaction  for  hydrogen  generation.  Int  J  Hydrogen  Energy 
2008;33:6205-15. 

[315]  Ke^eli  E,  Ozkar  S.  Ruthenium(III)  acetylacetonate:  a  homogeneous  catalyst 
in  the  hydrolysis  of  sodium  borohydride.  J  Mol  Catal  A:  Chem  2008 ;286: 
87-91. 

[316]  Kim  J-H,  Lee  J-Y,  Choi  K-H,  Chang  H.  Development  of  planar,  air-breathing, 
proton  exchange  membrane  fuel  cell  systems  using  stabilized  sodium  boro¬ 
hydride  solution.  J  Power  Sources  2008;185:881-5. 

[317]  Komova  OV,  Simagina  VI,  Netskina  OV,  Kellerman  DG,  Ishchenko  AV,  Rud- 
ina  NA.  LiCoC>2  -based  catalysts  for  generation  of  hydrogen  gas  from  sodium 
borohydride  solutions.  Catal  Today  2008;138:260-5. 

[318]  Krishnan  P,  Advani  SG,  Prasad  AK.  Cobalt  oxides  as  C02B  catalyst  precursors 
for  the  hydrolysis  of  sodium  borohydride  solutions  to  generate  hydrogen  for 
PEM  fuel  cells.  Int  J  Hydrogen  Energy  2008;33:7095-102. 


[319]  Laversenne  L,  Goutaudier  C,  Chiriac  R,  Sigala  C,  Bonnetot  B.  Hydrogen  storage 
in  borohydrides.  comparison  of  hydrolysis  conditions  of  LiBH4,  NaBH4  and 
KBH4.  J  Therm  Anal  Calorim  2008;94:785-90. 

[320]  Lee  Y,  Kim  Y,  Jeong  H,  Kang  M.  Hydrogen  production  from  the  photocatalytic 
hydrolysis  of  sodium  borohydride  in  the  presence  of  In-,  Sn-,  and  Sb-Ti02S.  J 
Ind  Eng  Chem  2008;14:655-60. 

[321]  Liang  J,  Li  Y,  Huang  Y,  Yang  J,  Tang  H,  Wei  Z,  et  al.  Sodium  borohydride 
hydrolysis  on  highly  efficient  Co-B/Pd  catalysts.  Int  J  Hydrogen  Energy 
2008;33:4048-54. 

[322]  Liu  BH,  Li  Q..  A  highly  active  Co-B  catalyst  for  hydrogen  generation  from 
sodium  borohydride  hydrolysis.  Int  J  Hydrogen  Energy  2008;33:7385-91. 

[323]  Liu  BH,  Li  ZP,  Chen  LL.  Alkaline  sodium  borohydride  gel  as  a  hydrogen 
source  for  PEMFC  or  an  energy  carrier  for  NaBH4-air  battery.  J  Power  Sources 
2008;180:530-4. 

[324]  Liu  RS,  Lai  HC,  Bagkar  NC,  Kuo  HT,  Chen  HM,  Lee  J-F,  et  al.  Investigation  on 
mechanism  of  catalysis  by  Pt-LiCo02  for  hydrolysis  of  sodium  borohydride 
using  X-ray  absorption.  J  Phys  Chem  B  2008;112:4870-5. 

[325]  Liu  Z,  Guo  B,  Chan  SH,  Tang  EH,  Hong  L.  Pt  and  Ru  dispersed  on  LiCo02  for 
hydrogen  generation  from  sodium  borohydride  solutions.  J  Power  Sources 
2008;176:306-11. 

[326]  Malvadkar  N,  Park  S,  Urquidi-MacDonald  M,  Wang  H,  Demirel  MC.  Catalytic 
activity  of  cobalt  deposited  on  nanostructured  poly(p-xylylene)  films.  J  Power 
Sources  2008;182:323-8. 

[327]  Metin  O,  Ozkar  S.  Synthesis  and  characterization  of  poly(iV-vinyl-2- 
pyrrolidone)-stabilized  water-soluble  nickel(0)  nanoclusters  as  catalyst  for 
hydrogen  generation  from  the  hydrolysis  of  sodium  borohydride.  J  Mol  Catal 
A:  Chem  2008;295:39-46. 

[328]  Minkina  VG,  Shabunya  SI,  Kalinin  VI,  Martynenko  W,  Smirnova  AL.  Long-term 
stability  of  sodium  borohydrides  for  hydrogen  generation.  Int  J  Hydrogen 
Energy  2008;33:5629-35. 

[329]  Minkina  VG,  Shabunya  SI,  Kalinin  VI,  Martynenko  W.  Stability  of  aqueous- 
alkaline  sodium  borohydride  formulations.  Russ  J  Appl  Chem  2008;81 :380-5. 

[330]  Moon  GY,  Lee  SS,  Lee  KY,  Kim  SH,  Song  KH.  Behavior  of  hydrogen  evolution 
of  aqueous  sodium  borohydride  solutions.  J  Ind  Eng  Chem  2008;14:94-9. 

[331]  Park  JH,  Shakkthivel  P,  Kim  HJ,  Han  MK,  JangJH,  Kim  YR,  et  al.  Investigation 
of  metal  alloy  catalyst  for  hydrogen  release  from  sodium  borohydride  for 
polymer  electrolyte  membrane  fuel  cell  application.  Int  J  Hydrogen  Energy 
2008;33:1845-52. 

[332]  Patel  N,  Patton  B,  Zanchetta  C,  Fernandes  R,  Guella  G,  Kale  A,  et  al.  Pd-C  pow¬ 
der  and  thin  film  catalysts  for  hydrogen  production  by  hydrolysis  of  sodium 
borohydride.  Int  J  Hydrogen  Energy  2008;33:287-92. 

[333]  Patel  N,  Fernandes  R,  Guella  G,  Kale  A,  Miotello  A,  Patton  B,  et  al.  Struc¬ 
tured  and  nanoparticle  assembled  Co-B  thin  films  prepared  by  pulsed  laser 
deposition:  a  very  efficient  catalyst  for  hydrogen  production.  J  Phys  Chem  C 
2008;112:6968-76. 

[334]  Pozio  A,  De  Francesco  M,  Monteleone  G,  Oronzio  R,  Galli  S,  D’Angelo  C,  et  al. 
Apparatus  for  the  production  of  hydrogen  from  sodium  borohydride  in  alka¬ 
line  solution.  Int  J  Hydrogen  Energy  2008;33:51-6. 

[335]  Shang  Y,  Chen  R,  Jiang  G.  Kinetic  study  of  NaBH4  hydrolysis  over  carbon- 
supported  ruthenium.  Int  J  Hydrogen  Energy  2008;33:6719-26. 

[336]  Simagina  VI,  Storozhenko  PA,  Netskina  OV,  Komova  OV,  Odegova  GV,  Larichev 
YV,  et  al.  Development  of  catalysts  for  hydrogen  generation  from  hydride 
compounds.  Catal  Today  2008;138:253-9. 

[337]  Simagina  VI,  Netskina  OV,  Komova  OV,  Odegova  GV,  Kochubei  DI,  Ishchenko 
AV.  Activity  of  Rh/Ti02  catalysts  in  NaBH4  hydrolysis:  the  effect  of  the  inter¬ 
action  between  RhCl3  and  the  anatase  surface  during  heat  treatment.  Kinet 
Catal  2008;49:568-73. 

[338]  Walter  JC,  Zurawski  A,  Montgomery  D,  Thornburg  M,  Revankar  S.  Sodium 
borohydride  hydrolysis  kinetics  comparison  for  nickel,  cobalt,  and  ruthenium 
boride  catalysts.  J  Power  Sources  2008;179:335-9. 

[339]  Walter  JC,  Zurawski  A,  Montgomery  D,  Thornburg  M,  Revankar  ST.  Study  of 
metal  borides  for  sodium  borohydride  hydrolysis.  ECS  Trans  2008;6:55-63. 

[340]  Wang  P,  Kang  X-D.  Hydrogen-rich  boron-containing  materials  for  hydrogen 
storage.  Dalton  Trans  2008:5400-13. 

[341  ]  Xu  D,  Dai  P,  Liu  X,  Cao  C,  Guo  Q..  Carbon-supported  cobalt  catalyst  for  hydro¬ 
gen  generation  from  alkaline  sodium  borohydride  solution.  J  Power  Sources 
2008;182:616-20. 

[342  ]  Xu  D,  Dai  P,  Guo  Q,  Yue  X.  Improved  hydrogen  generation  from  alkaline  NaBH4 
solution  using  cobalt  catalysts  supported  on  modified  activated  carbon.  Int  J 
Hydrogen  Energy  2008;33:7371-7. 

[343]  Zahmakiran  M,  Ozkar  S.  Intrazeolite  ruthenium(O)  nanoclusters:  a  superb 
catalyst  for  the  hydrogenation  of  benzene  and  the  hydrolysis  of  sodium  boro¬ 
hydride.  Langmuir  2008;24:7065-7. 

[344]  Zhang  Y,  Huang  W,  Habas  SE,  Kuhn  JN,  Grass  ME,  Yamada  Y,  et  al. 
Near-monodisperse  Ni-Cu  bimetallic  nanocrystals  of  variable  composition: 
controlled  synthesis  and  catalytic  activity  for  H2  generation.  J  Phys  Chem  C 
2008;112:12092-5. 

[345]  Akdim  O,  Demirci  UB,  Miele  P.  More  reactive  cobalt  chloride  in  the  hydrolysis 
of  sodium  borohydride.  Int  J  Hydrogen  Energy  2009;34:9444-9. 

[346]  Akdim  O,  Demirci  UB,  Miele  P.  Acetic  acid,  a  relatively  green  single-use  cata¬ 
lyst  for  hydrogen  generation  from  sodium  borohydride.  Int  J  Hydrogen  Energy 
2009;34:7231-8. 

[347]  Akdim  O,  Demirci  UB,  Brioude  A,  Miele  P.  Fluorinated  cobalt  for  catalyz¬ 
ing  hydrogen  generation  from  sodium  borohydride.  Int  J  Hydrogen  Energy 
2009;34:5417-21. 


D.M.F.  Santos,  C.A.C.  Sequeira  /  Renewable  and  Sustainable  Energy  Reviews  15  (201  \ )  3980-4001 


3997 


[348]  Akdim  0,  Demirci  UB,  Miele  P.  Highly  efficient  acid-treated  cobalt  cata¬ 
lyst  for  hydrogen  generation  from  NaBH4  hydrolysis.  Int  J  Hydrogen  Energy 
2009;34:4780-7. 

[349]  Akdim  0,  Demirci  UB,  Muller  D,  Miele  P.  Cobalt  (II)  salts,  performing  materials 
for  generating  hydrogen  from  sodium  borohydride.  Int  J  Hydrogen  Energy 
2009;34:2631-7. 

[350]  Andrieux  J,  Swierczynski  D,  Laversenne  L,  Garron  A,  Bennici  S,  Goutaudier 
C,  et  al.  A  multifactor  study  of  catalyzed  hydrolysis  of  solid  NaBH4  on 
cobalt  nanoparticles:  thermodynamics  and  kinetics.  Int  J  Hydrogen  Energy 
2009;34:938-51. 

[351]  Cento  C,  Gislon  P,  Prosini  PP.  Hydrogen  generation  by  hydrolysis  of  NaBH4. 
Int  J  Hydrogen  Energy  2009;34:4551-4. 

[352]  Chen  C-W,  Chen  C-Y,  Huang  Y-H.  Method  of  preparing  Ru-immobilized 
polymer-supported  catalyst  for  hydrogen  generation  from  NaBH4  solution. 
Int  J  Hydrogen  Energy  2009;34:2164-73. 

[353]  Demirci  UB,  Akdim  O,  Miele  P.  Ten-year  efforts  and  a  no-go  recommenda¬ 
tion  for  sodium  borohydride  for  on-board  automotive  hydrogen  storage.  Int 
J  Hydrogen  Energy  2009;34:2638-45. 

[354]  Demirci  UB,  Miele  P.  Sodium  borohydride  versus  ammonia  borane,  in 
hydrogen  storage  and  direct  fuel  cell  applications.  Energy  Environ  Sci 
2009;2:627-37. 

[355]  Demirci  UB,  Akdim  O,  Miele  P.  Aluminum  chloride  for  accelerating  hydro¬ 
gen  generation  from  sodium  borohydride.  J  Power  Sources  2009;192: 
310-5. 

[356]  Fernandes  R,  Patel  N,  Miotello  A.  Hydrogen  generation  by  hydrolysis  of  alka¬ 
line  NaBH4  solution  with  Cr-promoted  Co-B  amorphous  catalyst.  Appl  Catal 
B  2009;92:68-74. 

[357]  Fernandes  R,  Patel  N,  Miotello  A.  Efficient  catalytic  properties  of  Co-Ni-P-B 
catalyst  powders  for  hydrogen  generation  by  hydrolysis  of  alkaline  solution 
of  NaBH4.  IntJ  Hydrogen  Energy  2009;34:2893-900. 

[358]  Fernandes  R,  Patel  N,  Miotello  A,  Filippi  M.  Studies  on  catalytic  behavior  of 
Co-Ni-B  in  hydrogen  production  by  hydrolysis  of  NaBH4.J  Mol  Catal  A:  Chem 
2009;298:1-6. 

[359]  Ferreira  MJF,  Fernandes  VR,  Rangel  CM,  Gales  L,  Pinto  AMFR.  Successive 
loadings  of  reactant  in  the  hydrogen  generation  by  hydrolysis  of  sodium 
borohydride  in  batch  reactors.  J  New  Mater  Electrochem  Syst  2009;12: 
153-9. 

[360]  Garron  A,  Swierczynski  D,  Bennici  S,  Auroux  A.  New  insights  into  the 
mechanism  of  H2  generation  through  NaBH4  hydrolysis  on  Co-based  nanocat¬ 
alysts  studied  by  differential  reaction  calorimetry.  Int  J  Hydrogen  Energy 
2009;34:1185-99. 

[361  ]  Gislon  P,  Monteleone  G,  Prosini  PP.  Hydrogen  production  from  solid  sodium 
borohydride.  IntJ  Hydrogen  Energy  2009;34:929-37. 

[362]  Guo  R,  Yang  M,  Jiang  W.  Sodium  borohydride  hydrolysis  catalyzed  by 
supportless  platinum-ruthenium  alloys.  Xiyou  Jinshu/Chin  J  Rare  Metals 
2009;33:569-72. 

[363]  Javed  U,  Subramanian  V.  Hydrogen  generation  using  a  borohydride-based 
semi-continuous  milli-scale  reactor:  effects  of  physicochemical  parameters 
on  hydrogen  yield.  Energy  Fuels  2009;23:408-13. 

[364]  Kim  D-R,  Cho  K-W,  Choi  Y-I,  Park  C-J.  Fabrication  of  porous  Co-Ni-P 
catalysts  by  electrodeposition  and  their  catalytic  characteristics  for  the  gen¬ 
eration  of  hydrogen  from  an  alkaline  NaBH4  solution.  IntJ  Hydrogen  Energy 
2009;34:2622-30. 

[365]  Krishnan  P,  Advani  SG,  Prasad  AK.  Thin-film  CoB  catalyst  templates  for 
the  hydrolysis  of  NaBH4  solution  for  hydrogen  generation.  Appl  Catal  B 
2009;86:137-44. 

[366]  Liang  Y,  Wang  P,  Dai  H.  Hydrogen  generation  from  catalytic  hydrolysis  of 
sodium  borohydride  solution.  Prog  Chem  2009;21 :2219-28. 

[367]  Liu  C-H,  Chen  B-H,  Hsueh  C-L,  Ku  J-R,  Tsau  F,  Hwang  K-J.  Preparation  of 
magnetic  cobalt-based  catalyst  for  hydrogen  generation  from  alkaline  NaBH4 
solution.  Appl  Catal  B  2009;91 :368-79. 

[368]  Liu  C-H,  Chen  B-H,  Hsueh  C-L,  Ku  J-R,  Jeng  M-S,  Tsau  F.  Hydrogen  genera¬ 
tion  from  hydrolysis  of  sodium  borohydride  using  Ni-Ru  nanocomposite  as 
catalysts.  IntJ  Hydrogen  Energy  2009;34:2153-63. 

[369]  Liu  BH,  Li  ZP.  A  review:  hydrogen  generation  from  borohydride  hydrolysis 
reaction.  J  Power  Sources  2009;187:527-34. 

[370]  Liu  BH,  Li  ZP,  Suda  S.  Solid  sodium  borohydride  as  a  hydrogen  source  for  fuel 
cells.  J  Alloys  Compd  2009;468:493-8. 

[371]  Liu  H,  Li  R-D.  Effect  of  byproduct  on  catalytic  hydrolysis  of  sodium  borohy¬ 
dride.  Shenyang  Gongye  Daxue  Xuebao  2009;31:182-5. 

[372]  Ma  H,  Ji  W,  Zhao  J,  Liang  J,  Chen  J.  Preparation,  characterization  and  cat¬ 
alytic  NaBH4  hydrolysis  of  Co-B  hollow  spheres.  J  Alloys  Compd  2009;474: 
584-9. 

[373]  Marrero-Alfonso  EY,  Beaird  AM,  Davis  TA,  Matthews  MA.  Hydrogen  genera¬ 
tion  from  chemical  hydrides.  Ind  Eng  Chem  Res  2009;48:3703-12. 

[374]  Masjedi  M,  Demiralp  T,  Ozkar  S.  Testing  catalytic  activity  of  ruthenium(III) 
acetylacetonate  in  the  presence  of  trialkylphosphite  or  trialkylphosphine  in 
hydrogen  generation  from  the  hydrolysis  of  sodium  borohydride.  J  Mol  Catal 
A:  Chem  2009;310:59-63. 

[375]  Metin  O,  Ozkar  S.  Hydrogen  generation  from  the  hydrolysis  of  ammonia- 
borane  and  sodium  borohydride  using  water-soluble  polymer-stabilized 
cobalt(0)  nanoclusters  catalyst.  Energy  Fuels  2009;23:3517-26. 

[376]  Mitov  M,  Hristov  G,  Hristova  E,  Rashkov  R,  Arnaudova  M,  Zielonka  A.  Com¬ 
plex  performance  of  novel  CoNiMnB  electrodeposits  in  alkaline  borohydride 
solutions.  Environ  Chem  Lett  2009;7:167-73. 


[377]  Murugesan  S,  Subramanian  V.  Effects  of  acid  accelerators  on  hydrogen  gen¬ 
eration  from  solid  sodium  borohydride  using  small  scale  devices.  J  Power 
Sources  2009;187:216-23. 

[378]  Oronzio  R,  Monteleone  G,  Pozio  A,  De  Francesco  M,  Galli  S.  New  reactor 
design  for  catalytic  sodium  borohydride  hydrolysis.  Int  J  Hydrogen  Energy 
2009;34:4555-60. 

[379]  Ozkar  S.  Enhancement  of  catalytic  activity  by  increasing  surface  area  in  het¬ 
erogeneous  catalysis.  Appl  Surf  Sci  2009;256:1272-7. 

[380]  Park  D,  Ishida  M.  A  study  on  hydrogen  generation  reactor  using  NaBH4 
and  load  following  ability  for  fuel  cell  application.  IEEJ  Trans  Power  Energy 
2009;129:1259-66. 

[381]  Patel  N,  Fernandes  R,  Miotello  A.  Hydrogen  generation  by  hydrolysis  of 
NaBH4  with  efficient  Co-P-B  catalyst:  a  kinetic  study.  J  Power  Sources 
2009;188:411-20. 

[382  ]  Rakap  M,  Ozkar  S.  Intrazeolite  cobalt(0)  nanoclusters  as  low-cost  and  reusable 
catalyst  for  hydrogen  generation  from  the  hydrolysis  of  sodium  borohydride. 
Appl  Catal  B  2009;91:21-9. 

[383  ]  Zahmakiran  M,  Ozkar  S.  Zeolite-confined  ruthenium(O)  nanoclusters  catalyst: 
record  catalytic  activity,  reusability,  and  lifetime  in  hydrogen  generation  from 
the  hydrolysis  of  sodium  borohydride.  Langmuir  2009;25:2667-78. 

[384]  Zhang  Q,  Mohring  RM.  Reaction  chemistry  between  aqueous  sulfuric  acid  and 
solid  sodium  borohydride.  Ind  Eng  Chem  Res  2009;48:1603-7. 

[385  ]  Beaird  AM,  Davis  TA,  Matthews  MA.  Deliquescence  in  the  hydrolysis  of  sodium 
borohydride  by  water  vapour.  Ind  Eng  Chem  Res  2010;49:9596-9. 

[386]  Bennici  S,  Garron  A,  Auroux  A.  Maximizing  the  hydrogen  yield  in  the  cat¬ 
alyzed  hydrolysis  of  pure  borohydride  powders.  Int  J  Hydrogen  Energy 
2010;35:8621-5. 

[387]  £akanyildirim  C,  Guru  M.  Supported  C0CI2  catalyst  for  NaBH4  dehydrogena¬ 
tion.  Renew  Energy  2010;35:839-44. 

[388]  Chamoun  R,  Demirci  UB,  Cornu  D,  Zaatar  Y,  Khoury  A,  Khoury  R,  et  al.  Cobalt- 
supported  alumina  as  catalytic  film  prepared  by  electrophoretic  deposition 
for  hydrogen  release  applications.  Appl  Surf  Sci  2010;256:7684-91. 

[389]  Chamoun  R,  Demirci  UB,  Zaatar  Y,  Khoury  A,  Miele  P.  Co-aAhCU-Cu  as  shaped 
catalyst  in  NaBH4  hydrolysis.  IntJ  Hydrogen  Energy  2010;35:6583-91. 

[390]  Damjanovic  L,  Bennici  S,  Auroux  A.  A  direct  measurement  of  the  heat  evolved 
during  the  sodium  and  potassium  borohydride  catalytic  hydrolysis.  J  Power 
Sources  2010;195:3284-92. 

[391]  Demirci  UB,  Miele  P.  Cobalt  in  NaBH4  hydrolysis.  Phys  Chem  Chem  Phys 
2010;12:14651-65. 

[392]  Demirci  UB,  Akdim  O,  Hannauer  J,  Chamoun  R,  Miele  P.  Cobalt,  a  reactive 
metal  in  releasing  hydrogen  from  sodium  borohydride  by  hydrolysis:  a  short 
review  and  a  research  perspective.  Sci  China  Chem  2010;53:1870-9. 

[393]  Demirci  UB,  Akdim  O,  Andrieux  J,  Hannauer  J,  Chamoun  R,  Miele  P.  Sodium 
borohydride  hydrolysis  as  hydrogen  generator:  issues,  state  of  the  art  and 
applicability  upstream  from  a  fuel  cell.  Fuel  Cells  2010;10:335-50. 

[394]  Ding  X-L,  Yuan  X,  Jia  C,  Ma  Z-F.  Hydrogen  generation  from  catalytic  hydrol¬ 
ysis  of  sodium  borohydride  solution  using  cobalt-copper-boride  (Co-Cu-B) 
catalysts.  IntJ  Hydrogen  Energy  2010;35:11077-84. 

[395]  Eom  K,  Kwon  H.  Effects  of  deposition  time  on  the  H2  generation  kinetics  of 
electroless-deposited  cobalt-phosphorous  catalysts  from  NaBH4  hydrolysis, 
and  its  cyclic  durability.  IntJ  Hydrogen  Energy  2010;35:5220-6. 

[396]  Ferreira  MJF,  Fernandes  VR,  Gales  L,  Rangel  CM,  Pinto  AMFR.  Effects  of  the 
addition  of  an  organic  polymer  on  the  hydrolysis  of  sodium  tetrahydroborate 
in  batch  reactors.  IntJ  Hydrogen  Energy  2010;35:11456-69. 

[397  ]  Ferreira  MJF,  Gales  L,  Fernandes  VR,  Rangel  CM,  Pinto  AMFR.  Alkali  free  hydrol¬ 
ysis  of  sodium  borohydride  for  hydrogen  generation  under  pressure.  Int  J 
Hydrogen  Energy  2010;35:9869-78. 

[398]  Fernandes  VR,  Pinto  AMFR,  Rangel  CM.  Hydrogen  production  from 
sodium  borohydride  in  methanol-water  mixtures.  Int  J  Hydrogen  Energy 
2010;35:9862-8. 

[399]  Hao  W-C,  Zhai  T-T,  Wang  X,  Wang  T-M.  Fabrication  and  catalytic  activ¬ 
ity  of  nickel  core-shell  structure.  Gaodeng  Xuexiao  Huaxue  Xuebao 
2010;31:1213-7. 

[400]  Galli  S,  De  Francesco  M,  Monteleone  G,  Oronzio  R,  Pozio  A.  Development 
of  a  compact  hydrogen  generator  from  sodium  borohydride.  IntJ  Hydrogen 
Energy  2010;35:7344-9. 

[401  ]  Garron  A,  Bennici  S,  Auroux  A.  In  situ  generated  catalysts  for  NaBH4  hydrolysis 
studied  by  liquid-phase  calorimetry:  influence  of  the  nature  of  the  metal.  Appl 
Catal  A  2010;378:90-5. 

[402]  Goudon  JP,  Bernard  F,  Renouard  J,  Yvart  P.  Experimental  investigation  on 
lithium  borohydride  hydrolysis.  IntJ  Hydrogen  Energy  2010;35:11071-6. 

[403  ]  Hannauer  J,  Demirci  UB,  Pastor  G,  Geantet  C,  Herrmann  JM,  Miele  P.  Hydrogen 
release  through  catalyzed  methanolysis  of  solid  sodium  borohydride.  Energy 
Environ  Sci  2010;3:1796-803. 

[404]  Jiang  H-L,  Singh  SK,  Yan  J-M,  Zhang  X-B,  Xu  Q..  Liquid-phase  chemical 
hydrogen  storage:  catalytic  hydrogen  generation  under  ambient  conditions. 
ChemSusChem  2010;3:541-9. 

[405]  Kim  T.  Hydrogen  production  from  solid  sodium  borohydride  with  hydrogen 
peroxide  decomposition  reaction.  IntJ  Hydrogen  Energy  2010;35:12870-7. 

[406]  Kim  HJ,  Shin  K-J,  Kim  H-J,  Han  MK,  Kim  H,  Shul  Y-G,  et  al.  Hydrogen  gener¬ 
ation  from  aqueous  acid-catalyzed  hydrolysis  of  sodium  borohydride.  Int  J 
Hydrogen  Energy  2010;35:12239-45. 

[407]  Kim  J-H,  Choi  K-H,  Choi  YS.  Hydrogen  generation  from  solid  NaBH4  with  cat¬ 
alytic  solution  for  planar  air-breathing  proton  exchange  membrane  fuel  cells. 
IntJ  Hydrogen  Energy  2010;35:4015-9. 


3998 


D.M.F.  Santos,  C.A.C.  Sequeira  /  Renewable  and  Sustainable  Energy  Reviews  15  (201 1 )  3980-4001 


[408]  Larichev  YV,  Netskina  OV,  Komova  OV,  Simagina  VI.  Comparative  XPS  study 
of  RI1/AI2O3  and  Rh/TiCb  as  catalysts  for  NaBH4  hydrolysis.  Int  J  Hydrogen 
Energy  2010;35:6501-7. 

[409]  Li  L,  Wang  Y-J,  Wang  Y-P,  Ren  Q-L,  Jiao  L-F,  Yuan  H-T.  Effect  of  Ni  content 
in  Coi_xNixB  catalysts  on  hydrogen  generation  during  hydrolysis.  Acta  Phys 
Chim  Sin  2010;26:1575-8. 

[410]  Liang  Y,  Wang  P,  Dai  H-B.  Hydrogen  bubbles  dynamic  template  preparation  of 
a  porous  Fe-Co-B/Ni  foam  catalyst  for  hydrogen  generation  from  hydrolysis 
of  alkaline  sodium  borohydride  solution.  J  Alloys  Compd  2010;491:359-65. 

[41 1  ]  Liang  Y,  Dai  H-B,  Ma  L-P,  Wang  P,  Cheng  H-M.  Hydrogen  generation  from 
sodium  borohydride  solution  using  a  ruthenium  supported  on  graphite  cata¬ 
lyst.  Int  J  Hydrogen  Energy  2010;35:3023-8. 

[412]  Liu  C-H,  Kuo  Y-C,  Chen  B-H,  Hsueh  C-L,  Hwang  K-J,  Ku  J-R,  et  al.  Synthesis  of 
solid-state  NaBH4/Co-based  catalyst  composite  for  hydrogen  storage  through 
a  high-energy  ball-milling  process.  Int  J  Hydrogen  Energy  2010;35:4027-40. 

[413]  Masjedi  M,  Yildirim  LT,  Ozkar  S.  Crystal  structure  of  trans-  and  cis- 
bis(acetylacetonato)bis(trimethylphosphite)ruthenium(II)  complexes  and 
testing  their  catalytic  activity  in  hydrogen  generation  from  the  hydrolysis 
of  sodium  borohydride.  Inorg  Chim  Acta  2010;363:1713-8. 

[414]  Moon  GY,  Lee  SS,  Yang  GR,  Song  KH.  Effects  of  organic  acid  catalysts  on  the 
hydrogen  generation  from  NaBH4.  Korean  J  Chem  Eng  2010;27:474-9. 

[415]  Patel  N,  Fernandes  R,  Bazzanella  N,  Miotello  A.  Co-P-B  catalyst  thin  films  pre¬ 
pared  by  electroless  and  pulsed  laser  deposition  for  hydrogen  generation  by 
hydrolysis  of  alkaline  sodium  borohydride:  a  comparison.  Thin  Solid  Films 
2010;518:4779-85. 

[416]  Patel  N,  Fernandes  R,  Miotello  A.  Promoting  effect  of  transition  metal-doped 
Co-B  alloy  catalysts  for  hydrogen  production  by  hydrolysis  of  alkaline  NaBH4 
solution.  J  Catal  201 0;271 :31 5-24. 

[417]  Prosini  PP,  Gislon  P.  Water  consumption  during  solid  state  sodium  borohy¬ 
dride  hydrolysis.  Int  J  Hydrogen  Energy  2010;35:12234-8. 

[418]  Sahin  O,  Dolas  H,  Kaya  M,  Izgi  MS,  Demir  H.  Hydrogen  production  from  sodium 
borohydride  for  fuel  cells  in  presence  of  electrical  field.  Int  J  Energy  Res 
2010;34:557-67. 

[419]  Si  C-D,  Gao  H-T,  Zhou  J,  Liu  G-J.  Catalytic  properties  of  Co/activated  carbon 
catalyst  prepared  from  wheat  stalk.  React  Kinet  Mech  Catal  201 0;  1 01 : 1 83-93. 

[420]  Tian  H,  Guo  Q  Xu  D.  Hydrogen  generation  from  catalytic  hydrolysis  of  alkaline 
sodium  borohydride  solution  using  attapulgite  clay-supported  Co-B  catalyst. 
J  Power  Sources  2010;195:2136-42. 

[421]  Tong  DG,  Luo  YY,  Chu  W,  Hu  JY,  Wu  P.  Effect  of  plasma  treatment  on 
cobalt-boron  catalytic  activity  for  hydrogen  generation  from  alkali  NaBH4 
solution.  Plasma  Chem  Plasma  Process  2010;30:663-77. 

[422]  Wang  YP,  Wang  YJ,  Ren  QL,  Li  L,  Jiao  LF,  Song  DW,  et  al.  Ultrafine  amorphous 
Co-Fe-B  catalysts  for  the  hydrolysis  of  NaBH4  solution  to  generate  hydrogen 
for  PEMFC.  Fuel  Cells  2010;10:132-8. 

[423]  Wei  H-J,  Li  S-M,  Hou  M-M,  Wang  X-D.  Ru-Ni  foam  catalyst  for  hydrogen  gen¬ 
eration  from  hydrolysis  of  sodium  borohydride.  Beijing  Keji  Daxue  Xuebao 
2010;32:96-9. 

[424]  Wu  C,  Bai  Y,  Wu  F,  Yi  B-L,  Zhang  H-M.  Highly  active  cobalt-based  catalysts 
in  situ  prepared  from  C0X2  (X  =  C1_,  NO3-)  and  used  for  promoting  hydrogen 
generation  from  NaBH4  solution.  Int  J  Hydrogen  Energy  2010;35:2675-9. 

[425]  Zhang  X,  Zhao  J,  Cheng  F,  Liang  J,  Tao  Z,  Chen  J.  Electroless-deposited  Co-P  cat¬ 
alysts  for  hydrogen  generation  from  alkaline  NaBH4  solution.  Int  J  Hydrogen 
Energy  2010;35:8363-9. 

[426]  Pecsok  RL.  Polarographic  studies  on  the  oxidation  and  hydrolysis  of  sodium 
borohydride.  J  Am  Chem  Soc  1953;75:2862-4. 

[427]  Brown  HC,  Ichikawa  R.  The  influence  of  solvent  and  metal  ion  on  the  rate 
of  reaction  of  alkali  metal  borohydrides  with  acetone.  J  Am  Chem  Soc 
1961;83:4372-4. 

[428]  Davis  RE,  Gottbrath  JA.  Boron  hydrides.  V.  Methanolysis  of  sodium  borohy¬ 
dride.  J  Am  Chem  Soc  1962;84:895-8. 

[429]  Hazardous  Substances  Data  Bank,  Toxicology  Data  Network,  National  Library 
of  Medicine,  US.  http://toxnet.nlm.nih.gov/  [accessed  December  2010]. 

[430]  Lide  DR,  editor.  CRC  handbook  of  chemistry  and  physics,  2002-2003. 83rd  ed. 
Boca  Raton,  FL:  CRC  Press;  2002. 

[431]  Manchester  FD,  editor.  Phase  diagrams  of  binary  hydrogen  alloys.  Materials 
Park,  OH,  USA:  ASM  International;  2000. 

[432]  Elder  JP,  Hickling  A.  Anodic  behaviour  of  the  borohydride  ion.  Trans  Faraday 
Soc  1962;58:1852-64. 

[433]  Indig  ME,  Snyder  RN.  Sodium  borohydride,  an  interesting  anodic  fuel.  J  Elec- 
trochem  Soc  1962;109:1104-6. 

[434]  Mirkin  MV,  Yang  H,  Bard  AJ.  Borohydride  oxidation  at  a  gold  electrode.  J 
Electrochem  Soc  1992;139:2212-7. 

[435]  Liu  BH,  Li  ZP,  Suda  S.  Electrocatalysts  for  the  anodic  oxidation  of  borohydrides. 
Electrochim  Acta  2004;49:3097-105. 

[436]  Gyenge  E.  Electrooxidation  of  borohydride  on  platinum  and  gold  elec¬ 
trodes:  implications  for  direct  borohydride  fuel  cells.  Electrochim  Acta 
2004;49:965-78. 

[437]  Wang  K,  Lu  J,  Zhuang  L.  Direct  determination  of  diffusion  coefficient  for  boro¬ 
hydride  anions  in  alkaline  solutions  using  chronoamperometry  with  spherical 
Au  electrodes.  J  Electroanal  Chem  2005;585:191-6. 

[438]  Atwan  MH,  Northwood  DO,  Gyenge  EL.  Evaluation  of  colloidal  Os  and 
Os-alloys  (Os-Sn,  Os-Mo  and  Os-V)  for  electrocatalysis  of  methanol  and 
borohydride  oxidation.  Int  J  Hydrogen  Energy  2005;30:1323-31. 

[439]  Chatenet  M,  Micoud  F,  Roche  I,  Chainet  E.  Kinetics  of  sodium  borohydride 
direct  oxidation  and  oxygen  reduction  in  sodium  hydroxide  electrolyte: 


part  I.  BH4_  electro-oxidation  on  Au  and  Ag  catalysts.  Electrochim  Acta 
2006;51:5459-67. 

[440]  Chatenet  M,  Micoud  F,  Roche  I,  Chainet  E,  Vondrak  J.  Kinetics  of  sodium 
borohydride  direct  oxidation  and  oxygen  reduction  in  sodium  hydroxide 
electrolyte:  part  II.  O2  reduction.  Electrochim  Acta  2006;51 :5452-8. 

[441  ]  Cheng  H,  Scott  K.  Determination  of  kinetic  parameters  for  borohydride  oxi¬ 
dation  on  a  rotating  Au  disk  electrode.  Electrochim  Acta  2006;51 :3429-33. 

[442]  Gyenge  EL,  Atwan  MH,  Northwood  DO.  Electrocatalysis  of  borohydride  oxi¬ 
dation  on  colloidal  Pt  and  Pt-alloys  (Pt-Ir,  Pt-Ni,  and  Pt-Au)  and  application 
for  direct  borohydride  fuel  cell  anodes.  J  Electrochem  Soc  2006;  1 53 : Al  50-8. 

[443]  Ponce-de-Leon  C,  Bavykin  DV,  Walsh  FC.  The  oxidation  of  borohydride 
ion  at  titanate  nanotube  supported  gold  electrodes.  Electrochem  Commun 
2006;8:1655-60. 

[444]  Santos  DMF,  Sequeira  CAC.  Chronopotentiometric  study  of  the  electroox¬ 
idation  of  borohydride  anion  in  alkaline  medium.  Defect  Diffus  Forum 
2006:258-260:333-9. 

[445]  £elikkan  H,  §ahin  M,  Aksu  ML,  Veziroglu  TN.  The  investigation  of  the  elec¬ 
trooxidation  of  sodium  borohydride  on  various  metal  electrodes  in  aqueous 
basic  solutions.  Int  J  Hydrogen  Energy  2007;32:588-93. 

[446]  Demirci  UB.  Comments  on  the  paper  “Electrooxidation  of  borohydride  on 
platinum  and  gold  electrodes:  implications  for  direct  borohydride  fuel  cell” 
by  E.  Gyenge,  Electrochim  Acta  49  (2004)  965 :  thiourea,  a  poison  for  the  anode 
metallic  electrocatalyst  of  the  direct  borohydride  fuel  cell?  Electrochim  Acta 
2007;52:5119-21. 

[447]  Demirci  UB.  Comments  on  “Electrocatalysts  for  the  anodic  oxidation  of  boro¬ 
hydrides”  by  B.H.  Liu,  Z.P.  Li,  S.  Suda  [Electrochim  Acta  49  (2004)  3097]. 
Questions  and  remarks  about  catalytic  activity  of  nickel  foam  used  as  sub¬ 
strate  of  electrocatalyst.  Electrochim  Acta  2007;53:737-9. 

[448]  Feng  R-X,  Cao  Y-L,  Ai  X-P,  Yang  H-X.  AgNi  alloy  used  as  anodic  catalyst  for 
direct  borohydride  fuel  cells.  Acta  Phys  Chim  Sin  2007;23:932-4. 

[449]  Gyenge  EL.  Reply  to  “Comments  on  the  paper  [‘Electrooxidation  of  borohy¬ 
dride  on  platinum  and  gold  electrodes:  implications  for  direct  borohydride 
fuel  cells’  by  E.  Gyenge,  Electrochim  Acta  49  (2004)  965]:  thiourea,  a  poi¬ 
son  for  the  anode  metallic  electrocatalyst  of  the  direct  borohydride  fuel 
cell?”  by  U.B.  Demirci,  Electrochim.  Acta  52  (2007)  5119.  Electrochim  Acta 
2007;52:5122-3. 

[450]  Martins  JI,  Nunes  MC,  Koch  R,  Martins  L,  Bazzaoui  M.  Electrochemical  oxi¬ 
dation  of  borohydride  on  platinum  electrodes:  the  influence  of  thiourea  in 
direct  fuel  cells.  Electrochim  Acta  2007;52:6443-9. 

[451]  Santos  DMF,  Sequeira  CAC.  Anodic  reactions  of  borohydride  in  sodium 
hydroxide  solutions.  ECS  Trans  2007;3:69-77. 

[452]  Vaskelis  A,  Tarozaite  R,  Jagminiene  A,  Tamasiunaite  LT,  Juskenas  R,  Kurtinai- 
tiene  M.  Gold  nanoparticles  obtained  by  Au(III)  reduction  with  Sn(II): 
preparation  and  electrocatalytic  properties  in  oxidation  of  reducing  agents. 
Electrochim  Acta  2007;53:407-16. 

[453]  Wang  K,  Lu  J,  Zhuang  L.  A  current-decomposition  study  of  the  borohydride 
oxidation  reaction  at  Ni  electrodes.  J  Phys  Chem  C  2007 ;  1 1 1 : 7456-62. 

[454]  Atwan  MH,  Gyenge  EL,  Northwood  DO.  Response  to  “Commentary  about  the 
number  of  electrons  really  involved  in  the  direct  oxidation  of  borohydride 
catalyzed  by  Ag  and  Ag-alloys  determined  by  Gyenge  and  co-authors”  by  U.B. 
Demirci.  Int  J  Hydrogen  Energy  2008;33:2125-6. 

[455]  Coowar  FA,  Vitins  G,  Mepsted  GO,  Waring  SC,  Horsfall  JA.  Electrochemical 
oxidation  of  borohydride  at  nano-gold-based  electrodes:  application  in  direct 
borohydride  fuel  cells.  J  Power  Sources  2008;175:317-24. 

[456]  Demirci  UB.  Commentary  about  the  number  of  electrons,  really  involved 
in  the  direct  oxidation  of  borohydride  catalysed  by  Ag  and  Ag-alloys, 
determined  by  Gyenge  and  co-authors.  Int  J  Hydrogen  Energy  2008 ;33: 
2123-4. 

[457]  Geng  X,  Zhang  H,  Ye  W,  Ma  Y,  Zhong  H.  Ni-Pt/C  as  anode  electrocatalyst  for  a 
direct  borohydride  fuel  cell.  J  Power  Sources  2008;185:627-32. 

[458]  Hristov  G,  Mitov  M,  Rashkov  R,  Hristov  S,  Popov  A.  Electrooxidation  of 
alkaline  borohydrides  on  metal  hydride  electrodes.  Bulg  Chem  Commun 
2008;40:306-9. 

[459]  Krishnan  P,  Yang  TH,  Advani  SG,  Prasad  AK.  Rotating  ring-disc  electrode 
(RRDE)  investigation  of  borohydride  electro-oxidation.  J  Power  Sources 
2008;182:106-11. 

[460]  Lee  HM,  Park  SY,  Park  KT,  Jung  U-H,  Chun  K,  Woong  CD,  et  al.  Development 
of  Au-Pd  catalysts  supported  on  carbon  for  a  direct  borohydride  fuel  cell.  Res 
Chem  Intermed  2008;34:787-92. 

[461]  Lam  VWS,  Gyenge  EL.  High-performance  osmium  nanoparticle  electro¬ 
catalyst  for  direct  borohydride  PEM  fuel  cell  anodes.  J  Electrochem  Soc 
2008  ;1 55  :B1 155-60. 

[462]  Liu  BH,  Suda  S.  Hydrogen  storage  alloys  as  the  anode  materials  of  the  direct 
borohydride  fuel  cell.  J  Alloys  Compd  2008;454:280-5. 

[463]  Martins  JI,  Nunes  MC.  Comparison  of  the  electrochemical  oxidation  of  boro¬ 
hydride  and  dimethylamine  borane  on  platinum  electrodes:  implication  for 
direct  fuel  cells.  J  Power  Sources  2008;175:244-9. 

[464]  Miliauskas  D,  Tarozaite  R,  Tamasauskaite  Tamasiunaite  L.  Investigation  of 
borohydride  oxidation  at  ultrafine  gold  layer  supported  on  nickel.  Mater  Sci 
(Medziagotyra)  2008;14:20-2. 

[465]  Rostamikia  G,  Janik  MJ.  A  First  principles  study  of  direct  oxidation  of  aqueous 
borohydride  on  Au  and  Pt  surfaces.  ECS  Trans  2008;  16/2: 1869-76. 

[466]  Sanli  E,  Uysal  BZ,  Aksu  ML.  The  oxidation  of  NaBH4  on  electrochem- 
ically  treated  silver  electrodes.  Int  J  Hydrogen  Energy  2008;33:2097- 
104. 


D.M.F.  Santos,  C.A.C.  Sequeira  /  Renewable  and  Sustainable  Energy  Reviews  15  (201  \ )  3980-4001 


3999 


[467]  Santos  DMF,  Sequeira  CAC.  Chronoamperometric  determination  of  diffusion 
coefficients  for  borohydride  anions  in  sodium  hydroxide  solutions.  Defect 
Diffus  Forum  2008;273-276:583-9. 

[468]  Santos  DMF,  Sequeira  CAC.  Determination  of  kinetic  and  diffusional  param¬ 
eters  for  sodium  borohydride  oxidation  on  gold  electrodes.  ECS  Trans 
2008;16/2:1855-68. 

[469]  Senoh  H,  Siroma  Z,  Fujiwara  N,  Yasuda  K.  A  fundamental  study  on  elec¬ 
trochemical  hydrogen  generation  from  borohydrides.  J  Power  Sources 
2008;185:1-5. 

[470]  Wang  K,  Jiang  K,  Lu  J,  Zhuang  L,  Cha  C,  Hu  X,  et  al.  Eight-electron  oxidation  of 
borohydride  at  potentials  negative  to  reversible  hydrogen  electrode.  J  Power 
Sources  2008;185:892-4. 

[47 1  ]  Yang  Z,  Wang  L,  Gao  Y,  Mao  X,  Ma  C-A.  LaNi4.5  AI0.5  alloy  doped  with  Au  used  as 
anodic  materials  in  a  borohydride  fuel  cell.  J  Power  Sources  2008;184:260-4. 

[472]  Chatenet  M,  Molina-Concha  MB,  Diard  J-P.  First  insights  into  the  borohy¬ 
dride  oxidation  reaction  mechanism  on  gold  by  electrochemical  impedance 
spectroscopy.  Electrochim  Acta  2009;54:1687-93. 

[473]  Colominas  S,  McLaffertyJ,  Macdonald  DD.  Electrochemical  studies  of  sodium 
borohydride  in  alkaline  aqueous  solutions  using  a  gold  electrode.  Electrochim 
Acta  2009;54:3575-9. 

[474]  Concha  BM,  Chatenet  M,  Coutanceau  C,  Hahn  F.  In  situ  infrared  (FTIR) 
study  of  the  borohydride  oxidation  reaction.  Electrochem  Commun  2009;  1 1 : 
223-6. 

[475]  Das  J,  Kim  H,  Jo  K,  Park  KH,  Jon  S,  Lee  K,  et  al.  Fast  catalytic  and  elec- 
trocatalytic  oxidation  of  sodium  borohydride  on  palladium  nanoparticles 
and  its  application  to  ultrasensitive  DNA  detection.  Chem  Commun  2009: 
6394-6. 

[476]  Dong  H,  Cao  X.  Nanoporous  gold  thin  film:  fabrication,  structure  evolution, 
and  electrocatalytic  activity.  J  Phys  Chem  C  2009;113:603-9. 

[477]  Duan  D,  Sun  Y.  Kinetic  performance  of  BH4~  oxidation  on  Cu  anode.  Huagong 
Xuebao/CIESCJ  2009;60:2862-8. 

[478]  Finkelstein  DA,  Da  Mota  N,  Cohen  JL,  Abruna  HD.  Rotating  disk  electrode  (RDE) 
investigation  of  BH4”  and  BH3OH-  electro-oxidation  at  Pt  and  Au:  implica¬ 
tions  for  BH4-  fuel  cells.  J  Phys  Chem  C  2009;113:19700-12. 

[479]  Iotov  PI,  Kalcheva  SV,  Bond  AM.  Kinetic  and  mechanistic  evaluation  of  tetrahy- 
droborate  ion  electro-oxidation  at  polycrystalline  gold.  Electrochim  Acta 
2009;54:7236-41. 

[480]  Wei  J,  Wang  X,  Wang  Y,  Chen  Q,  Pei  F,  Wang  Y.  Investigation  of  carbon- 
supported  Au  hollow  nanospheres  as  electrocatalyst  for  electrooxidation  of 
sodium  borohydride.  Int  J  Hydrogen  Energy  2009;34:3360-6. 

[481]  Yang JQ  Liu  BH,  Wu  S.  Carbon-supported  Pd  catalysts:  influences  of  nano¬ 
structure  on  their  catalytic  performances  for  borohydride  electrochemical 
oxidation.  J  Power  Sources  2009;194:824-9. 

[482]  Lam  VWS,  Alfantazi  A,  Gyenge  EL.  The  effect  of  catalyst  support  on  the  per¬ 
formance  of  PtRu  in  direct  borohydride  fuel  cell  anodes.  J  Appl  Electrochem 
2009;39:1763-70. 

[483]  Liu  BH,  Yang  JQ,  Li  ZP.  Concentration  ratio  of  [OH-]/[BH4~]:  a  controlling 
factor  for  the  fuel  efficiency  of  borohydride  electro-oxidation.  Int  J  Hydrogen 
Energy  2009;34:9436-43. 

[484]  Molina  Concha  B,  Chatenet  M.  Direct  oxidation  of  sodium  borohydride  on  Pt, 
Ag  and  alloyed  Pt-Ag  electrodes  in  basic  media.  Part  II.  Carbon-supported 
nanoparticles.  Electrochim  Acta  2009;54:6130-9. 

[485]  Molina  Concha  B,  Chatenet  M.  Direct  oxidation  of  sodium  borohydride  on 
Pt,  Ag  and  alloyed  Pt-Ag  electrodes  in  basic  media.  Part  I:  bulk  electrodes. 
Electrochim  Acta  2009;54:6119-29. 

[486]  Qin  HY,  Liu  ZX,  Ye  LQ  Zhu  JK,  Li  ZP.  The  use  of  polypyrrole  modified  carbon- 
supported  cobalt  hydroxide  as  cathode  and  anode  catalysts  for  the  direct 
borohydride  fuel  cell.  J  Power  Sources  2009;192:385-90. 

[487]  Rostamikia  G,  Janik  MJ.  Borohydride  oxidation  over  Au(lll):  a  first- 
principles  mechanistic  study  relevant  to  direct  borohydride  fuel  cells.  J 
Electrochem  Soc  2009;156:B86-92. 

[488]  Simoes  M,  Baranton  S,  Coutanceau  C.  Electrooxidation  of  sodium  borohy¬ 
dride  at  Pd,  Au,  and  PdxAu!_x  carbon-supported  nanocatalysts.  J  Phys  Chem 
C  2009;113:13369-76. 

[489]  Simoes  M,  Baranton  S,  Coutanceau  C,  Lamy  C,  Leger  J-M.  The  electrocatalytic 
oxidation  of  sodium  borohydride  at  palladium  and  gold  electrodes  for  an 
application  to  the  direct  borohydride  fuel  cell.  ECS  Trans  2009;25:1413-21. 

[490]  Tarozaite  R,  Tamasauskaite  Tamasiunaite  L,  Jasulaitiene  V.  Platinum-tin  com¬ 
plexes  as  catalysts  for  the  anodic  oxidation  of  borohydride.  J  Solid  State 
Electrochem  2009;13:721-31. 

[491]  Tegou  A,  Armyanov  S,  Valova  E,  Steenhaut  O,  Hubin  A,  Kokkinidis  G, 
et  al.  Mixed  platinum-gold  electrocatalysts  for  borohydride  oxidation  pre¬ 
pared  by  the  galvanic  replacement  of  nickel  deposits.  J  Electroanal  Chem 
2009;634:104-10. 

[492  ]  Wang  G,  Zhang  W,  Cao  D,  Liu  J,  Wang  X,  Zhang  S,  et  al.  Fe2  03  -modified  hydro¬ 
gen  storage  alloys  as  electrocatalyst  for  borohydride  oxidation.  Chin  J  Chem 
2009;27:2166-70. 

[493]  Yamazaki  S-I,  Senoh  H,  Yasuda  K.  New  catalysts  for  borohydride  electro¬ 
oxidation  using  Rh  porphyrins.  Electrochem  Commun  2009;11:1109-12. 

[494]  Yi  Q  Li  L.  Novel  titanium-supported  silver  electrode  for  electrochemical  oxi¬ 
dation  of  borohydride.  Huagong  Xuebao/CIESCJ  2009;60:455-9. 

[495]  Santos  DMF,  Sequeira  CAC.  Determination  of  kinetic  and  diffusional  parame¬ 
ters  for  sodium  borohydride  oxidation  on  gold  electrodes.  J  Electrochem  Soc 
2009;156:F67-74. 

[496]  Santos  DMF,  Sequeira  CAC.  Chronopotentiometric  investigation  of  borohy¬ 
dride  oxidation  at  a  gold  electrode.  J  Electrochem  Soc  2010;157:F16-21. 


[497]  Santos  DMF,  Sequeira  CAC.  Cyclic  voltammetry  investigation  of  borohydride 
oxidation  at  a  gold  electrode.  Electrochim  Acta  2010;55:6775-81. 

[498]  Atwan  MH,  Gyenge  EL,  Northwood  DO.  Evaluation  of  colloidal  Pd  and  Pd- 
alloys  as  anode  electrocatalysts  for  direct  borohydride  fuel  cells  applications. 
J  New  Mater  Electrochem  Syst  2010;13:21-7. 

[499]  Chatenet  M,  Lima  FHB,  Ticianelli  EA.  Gold  is  not  a  faradaic-efficient  borohy¬ 
dride  oxidation  electrocatalyst:  an  online  electrochemical  mass  spectrometry 
study.  J  Electrochem  Soc  2010;157:B697-704. 

[500]  Concha  BM,  Chatenet  M,  Maillard  F,  Ticianelli  EA,  Lima  FHB,  De  Lima  RB.  In  situ 
infrared  (FTIR)  study  of  the  mechanism  of  the  borohydride  oxidation  reaction. 
Phys  Chem  Chem  Phys  2010;12:11507-16. 

[501]  Geng  X,  Zhang  H,  Ma  Y,  Zhong  H.  Borohydride  electrochemical  oxida¬ 
tion  on  carbon-supported  Pt-modified  Au  nanoparticles.  J  Power  Sources 
2010;195:1583-8. 

[502]  Kiran  V,  Ravikumar  T,  Kalyanasundaram  NT,  Krishnamurty  S,  Shukla  AK, 
Sampath  S.  Electro-oxidation  of  borohydride  on  rhodium,  iridium,  and 
rhodium-iridium  bimetallic  nanoparticles  with  implications  to  direct  boro¬ 
hydride  fuel  cells.  J  Electrochem  Soc  2010;157:B1201-8. 

[503  ]  Park  SY,  Lee  D-W,  Park  IS,  Hong  Y-K,  Park  Y-M,  Lee  K-Y.  The  effective  bimetallic 
component  of  Pd-Au/C  for  electrochemical  oxidation  of  borohydrides.  Curr 
Appl  Phys  2010;10:S40-3. 

[504]  Parrour  G,  Chatenet  M,  Diard  J-P.  Electrochemical  impedance  spectroscopy 
study  of  borohydride  oxidation  reaction  on  gold  -  towards  a  mechanism  with 
two  electrochemical  steps.  Electrochim  Acta  2010;55:9113-24. 

[505]  Philips  MF,  Gopalan  Al,  Lee  K-P.  Poly(diphenylamine-co-3- 
aminobenzonitrile)/palladium  as  a  new  nanocatalyst  for  borohydride 
fuel  cells.  J  Nanoelectron  Optoelectron  2010;5:175-80. 

[506]  Rostamikia  G,  Janik  MJ.  First  principles  mechanistic  study  of  borohydride 
oxidation  over  the  Pt(l  1 1)  surface.  Electrochim  Acta  2010;55:1175-83. 

[507 ]  Rostamikia  G,  Janik  MJ.  Direct  borohydride  oxidation:  mechanism  determina¬ 
tion  and  design  of  alloy  catalysts  guided  by  density  functional  theory.  Energy 
Environ  Sci  2010;3:1262-74. 

[508]  Simoes  M,  Baranton  S,  Coutanceau  C.  Influence  of  bismuth  on  the  structure 
and  activity  of  Pt  and  Pd  nanocatalysts  for  the  direct  electrooxidation  of 
NaBH4.  Electrochim  Acta  2010;56:580-91. 

[509]  Wang  G-L,  Cheng  Y-H,  Zhang  W-C,  Lu  T-H,  Cao  D-X,  Lii  Y-Z,  et  al.  Electro¬ 
catalytic  performances  of  MmNi3.2Alo.2Mno.6Coi.o  modified  with  Mn02  for 
NaBH4  oxidation.  Gaodeng  Xuexiao  Huaxue  Xuebao  201 0;31 : 153-6. 

[510]  Wang  G,  Wang  X,  Miao  R,  Cao  D,  Sun  K.  Effects  of  alkaline  treatment  of 
hydrogen  storage  alloy  on  electrocatalytic  activity  for  NaBH4  oxidation.  Int 
J  Hydrogen  Energy  2010;35:1227-31. 

[511]  Wang  G-J,  Gao  Y-Z,  Wang  Z-B,  Du  C-Y,  Wang  J-J,  Yin  G-P.  Investigation  of 
PtNi/C  anode  electrocatalysts  for  direct  borohydride  fuel  cell.  J  Power  Sources 
2010;195:185-9. 

[512]  Yamazaki  S-I,  Kuratani  K,  Senoh  H,  Siroma  Z,  Yasuda  K.  One-compartment 
electrochemical  H2  generator  from  borohydride.  J  Power  Sources 
2010;195:1107-11. 

[513]  Zhou  H,  Fan  F-RF,  Bard  AJ.  Observation  of  discrete  Au  nanoparticle  colli¬ 
sions  by  electrocatalytic  amplification  using  Pt  ultramicroelectrode  surface 
modification.  J  Phys  Chem  Lett  201 0;1 :2671-4. 

[514]  Liu  BH,  Li  ZP,  Suda  S.  Anodic  oxidation  of  alkali  borohydrides  catalyzed  by 
nickel.  J  Electrochem  Soc  2003;150:398-402. 

[515]  Amendola  SC,  Onnerud  P,  Kelly  MT,  Petillo  PJ,  Sharp-Goldman  SL,  Binder 
M.  A  novel  high  power  density  borohydride-air  cell.  J  Power  Sources 
1999;84:130-3. 

[516]  Li  ZP,  Liu  BH,  Arai  K,  Suda  S.  A  fuel  cell  development  for  using  borohydrides 
as  the  fuel.  J  Electrochem  Soc  2003;150:868-72. 

[517]  Raman  RK,  Choudhury  NA,  Shukla  AK.  A  high  output  voltage  direct  borohy¬ 
dride  fuel  cell.  Electrochem  Solid-State  Lett  2004;7:A488-91. 

[518]  Li  ZP,  Liu  BH,  Arai  K,  Asaba  K,  Suda  S.  Evaluation  of  alkaline  boro¬ 
hydride  solutions  as  the  fuel  for  fuel  cell.  J  Power  Sources  2004;  126: 
28-33. 

[519]  Kim  J-H,  Kim  H-S,  Kang  Y-M,  Song  M-S,  Rajendran  S,  Han  S-C,  et  al.  Carbon- 
supported  and  unsupported  Pt  anodes  for  direct  borohydride  liquid  fuel  cells. 
J  Electrochem  Soc  2004;  151  :A1 039-43. 

[520]  Deshmukh  K,  Santhanam  KSV.  Polymeric  electrode  for  sodium  borohydride 
fuel  cell.  Fuel  Cell  Sci  Eng  Technol  2004:503-6. 

[521]  Choudhury  NA,  Raman  RK,  Sampath  S,  Shukla  AK.  An  alkaline  direct  boro¬ 
hydride  fuel  cell  with  hydrogen  peroxide  as  oxidant.  J  Power  Sources 
2005;143:1-8. 

[522]  Feng  RX,  Dong  H,  Wang  YD,  Ai  XP,  Cao  YL,  Yang  HX.  A  simple  and  high  effi¬ 
cient  direct  borohydride  fuel  cell  with  Mn02 -catalyzed  cathode.  Electrochem 
Commun  2005;7:449-52. 

[523]  Li  ZP,  Liu  BH,  Arai  K,  Suda  S.  Development  of  the  direct  borohydride  fuel  cell. 
J  Alloys  Compd  2005:404-406:648-52. 

[524]  Liu  BH,  Li  ZP,  Arai  K,  Suda  S.  Performance  improvement  of  a  micro  borohy¬ 
dride  fuel  cell  operating  at  ambient  conditions.  Electrochim  Acta  2005;50: 
3719-25. 

[525]  Raman  RK,  Shukla  AK.  Electro-reduction  of  hydrogen  peroxide  on  iron  tetram- 
ethoxy  phenyl  porphyrin  and  lead  sulfate  electrodes  with  application  in  direct 
borohydride  fuel  cells.  J  Appl  Electrochem  2005;35:1157-61. 

[526]  Verma  A,  Jha  AK,  Basu  S.  Manganese  dioxide  as  a  cathode  catalyst  for  a  direct 
alcohol  or  sodium  borohydride  fuel  cell  with  a  flowing  alkaline  electrolyte.  J 
Power  Sources  2005;  141 :30-4. 

[527]  Verma  A,  Basu  S.  Direct  use  of  alcohols  and  sodium  borohydride  as  fuel  in  an 
alkaline  fuel  cell.  J  Power  Sources  2005;145:282-5. 


4000 


D.M.F.  Santos,  C.A.C.  Sequeira  /  Renewable  and  Sustainable  Energy  Reviews  15  (201 2 )  3980-4001 


[528]  Wang  L,  Ma  C,  Mao  X,  Sheng  J,  Bai  F,  Tang  F.  Rare  earth  hydrogen  storage  alloy 
used  in  borohydride  fuel  cells.  Electrochem  Commun  2005;7:1477-81. 

[529]  Wang  L,  Ma  C,  Mao  X.  LmNi478Mn0.22  alloy  modified  with  Si  used  as  anodic 
materials  in  borohydride  fuel  cells.  J  Alloys  Compd  2005;397:313-6. 

[530]  Wang  L,  Ma  C,  Sun  Y,  Suda  S.  AB5-type  hydrogen  storage  alloy  used  as  anodic 
materials  in  borohydride  fuel  cell.  J  Alloys  Compd  2005;391 :318-22. 

[531  ]  Atwan  MH,  Macdonald  CLB,  Northwood  DO,  Gyenge  EL.  Colloidal  Au  and  Au- 
alloy  catalysts  for  direct  borohydride  fuel  cells:  electrocatalysis  and  fuel  cell 
performance.]  Power  Sources  2006;158:36-44. 

[532]  Cheng  H,  Scott  K.  Influence  of  operation  conditions  on  direct  borohydride  fuel 
cell  performance.]  Power  Sources  2006;160:407-12. 

[533]  Cheng  H,  Scott  K.  Investigation  of  non-platinum  cathode  catalysts  for  direct 
borohydride  fuel  cells.  J  Electroanal  Chem  2006;596:117-23. 

[534]  Cheng  H,  Scott  K,  Lovell  K.  Material  aspects  of  the  design  and  operation  of 
direct  borohydride  fuel  cells.  Fuel  Cells  2006;6:367-75. 

[535]  Cheng  H,  Scott  K.  Investigation  of  Ti  mesh-supported  anodes  for  direct  boro¬ 
hydride  fuel  cells.  J  Appl  Electrochem  2006;36:1361-6. 

[536]  Deshmukh  K,  Santhanam  KSV.  New  borohydride  fuel  cell  with  multiwalled 
carbon  nanotubes  as  anode:  a  step  towards  increasing  the  power  output.  J 
Power  Sources  2006;159:1084-8. 

[537]  Hong  J,  Fang  B,  Wang  C,  Currie  K.  Intrinsic  borohydride  fuel  cell/battery  hybrid 
power  sources.  J  Power  Sources  2006;161:753-60. 

[538]  Lakeman  JB,  Rose  A,  Pointon  KD,  Browning  DJ,  Lovell  KV,  Waring  SC,  et  al. 
The  direct  borohydride  fuel  cell  for  UUV  propulsion  power.  J  Power  Sources 
2006;162:765-72. 

[539]  Luo  N,  Miley  GH,  Mather  J,  Burton  R,  Hawkins  G,  Gimlin  R,  et  al.  NaBH4/H202 
fuel  cells  for  lunar  and  Mars  exploration.  AIP  Conf  Proc  2006;813:209-21. 

[540]  Li  ZP,  Liu  BH,  ZhuJK,  Suda  S.  Depression  of  hydrogen  evolution  during  oper¬ 
ation  of  a  direct  borohydride  fuel  cell.  J  Power  Sources  2006;163:555-9. 

[541]  Park  KT,  Jung  UH,  Jeong  SU,  Kim  SH.  Influence  of  anode  diffusion  layer 
properties  on  performance  of  direct  borohydride  fuel  cell.  J  Power  Sources 
2006;162:192-7. 

[542]  Ponce-de-Leon  C,  Walsh  FC,  Pletcher  D,  Browning  DJ,  Lakeman  JB.  Direct 
borohydride  fuel  cells.  J  Power  Sources  2006;155:172-81. 

[543]  Raman  RK,  Prashant  SK,  Shukla  AK.  A  28-W  portable  direct 
borohydride-hydrogen  peroxide  fuel-cell  stack.  J  Power  Sources 
2006;162:1073-6. 

[544]  Sanli  E,  £elikkan  H,  Uysal  BZ,  Aksu  ML.  Anodic  behavior  of  Ag  metal  electrode 
in  direct  borohydride  fuel  cells.  Int  J  Hydrogen  Energy  2006;31 : 1920-4. 

[  545  ]  Wang  YG,  Xia  YY.  A  direct  borohydride  fuel  cell  using  Mn02  -catalyzed  cathode 
and  hydrogen  storage  alloy  anode.  Electrochem  Commun  2006;8:1775-8. 

[546]  Wee  JH.  Which  type  of  fuel  cell  is  more  competitive  for  portable  application: 
direct  methanol  fuel  cells  or  direct  borohydride  fuel  cells?  J  Power  Sources 
2006;161:1-10. 

[547]  Atwan  MH,  Northwood  DO,  Gyenge  EL.  Evaluation  of  colloidal  Ag  and 
Ag-alloys  as  anode  electrocatalysts  for  direct  borohydride  fuel  cells.  Int  J 
Hydrogen  Energy  2007;32:3116-25. 

[548]  Cheng  H,  Scott  K,  Lovell  KV,  Horsfall  JA,  Waring  SC.  Evaluation  of  new 
ion  exchange  membranes  for  direct  borohydride  fuel  cells.  J  Membr  Sci 
2007;288:168-74. 

[  549  ]  Demirci  UB,  Boyaci  FG,  Sener  T,  Behmenyar  G.  The  direct  borohydride  fuel  cell 
[La  pile  acombustible  aborohydrure  direct].  Actual  Chim  2007;306:19-25. 

[550]  Demirci  UB.  Direct  liquid-feed  fuel  cells:  thermodynamic  and  environmental 
concerns.  J  Power  Sources  2007;169:239-46. 

[551]  Demirci  UB.  Direct  borohydride  fuel  cell:  main  issues  met  by  the 
membrane-electrodes-assembly  and  potential  solutions.  J  Power  Sources 
2007;172:676-87. 

[552]  Duteanu  N,  Vlachogiannopoulos  G,  Shivhare  MR,  Yu  EH,  Scott  K.  A  parametric 
study  of  a  platinum  ruthenium  anode  in  a  direct  borohydride  fuel  cell.  J  Appl 
Electrochem  2007;37:1085-91. 

[553]  Feng  RX,  Dong  H,  Cao  YL,  Ai  XP,  Yang  HX.  Agni-catalyzed  anode  for  direct 
borohydride  fuel  cells.  Int  J  Hydrogen  Energy  2007;32:4544-9. 

[554]  Gu  L,  Luo  N,  Miley  GH.  Cathode  electrocatalyst  selection  and  deposition 
for  a  direct  borohydride/hydrogen  peroxide  fuel  cell.  J  Power  Sources 
2007;173:77-85. 

[555]  Liu  BH,  Suda  S.  Influences  of  fuel  crossover  on  cathode  performance  in  a  micro 
borohydride  fuel  cell.  J  Power  Sources  2007;164:100-4. 

[556]  Luo  N,  Miley  GH,  Gu  L,  Mather  J,  Burton  R,  Rusek  J,  et  al.  A  500-W  direct 
peroxide  fuel  cell  for  space  power  systems.  In:  Collect  techn  papers  -  5th  int. 
energy  convers  eng  conf,  vol.  1.  2007.  p.  456-63. 

[557]  Ma  J,  Wang  J,  Liu  Y.  Iron  phthalocyanine  as  a  cathode  catalyst  for  a  direct 
borohydride  fuel  cell.  J  Power  Sources  2007;172:220-4. 

[558]  Miley  GH,  Luo  N,  MatherJ,  Burton  R,  Hawkins  G,  Gu  L,  et  al.  Direct  NaBH4/H202 
fuel  cells.  J  Power  Sources  2007;165:509-16. 

[559]  Ponce-de-Leon  C,  Walsh  FC,  Rose  A,  Lakeman  JB,  Browning  DJ,  Reeve  RW.  A 
direct  borohydride-acid  peroxide  fuel  cell.  J  Power  Sources  2007 ;  1 64:441  -8. 

[560]  Raman  RK,  Shukla  AK.  A  direct  borohydride/hydrogen  peroxide  fuel  cell  with 
reduced  alkali  crossover.  Fuel  Cells  2007;7:225-31. 

[561  ]  Sanli  E,  £elikkan  H,  Uysal  BZ,  Aksu  ML.  Impedance  analysis  and  electrochemi¬ 
cal  measurements  of  a  direct  borohydride  fuel  cell  constructed  with  ag  anode. 
ECS  Trans  2007;5:137-45. 

[562]  Santos  DMF,  Conde<;o  JAD,  Franco  MW,  Sequeira  CAC.  An  improved 
borohydride-H2  02  laboratory  fuel  cell.  ECS  Trans  2007;3:19-30. 

[563]  Tsivadze  AY,  Tarasevich  MR,  Titova  VN,  Yavich  AA,  Petrova  NV.  New  elec¬ 
trocatalysts  for  direct  borohydride  fuel  cells.  Dokl  Phys  Chem  2007 ;41 4: 
107-9. 


[564]  Verma  A,  Basu  S.  Direct  alkaline  fuel  cell  for  multiple  liquid  fuels:  anode 
electrode  studies.  J  Power  Sources  2007;174:180-5. 

[565]  Verma  A,  Basu  S.  Experimental  evaluation  and  mathematical  modelling  of  a 
direct  alkaline  fuel  cell.  J  Power  Sources  2007;168:200-10. 

[566]  Celik  C,  Boyaci  San  FG,  Sarac  HI.  Effects  of  operation  conditions  on  direct 
borohydride  fuel  cell  performance.  J  Power  Sources  2008;185:197-201. 

[567]  Duteanu  N,  Kellenberger  A,  Vaszilcsin  N,  Scott  K.  Studies  on  sodium  borohy¬ 
dride  fuel  cells.  Rev  Chim  2008;59:1361-5. 

[568]  Jamard  R,  Latour  A,  Salomon  J,  Capron  P,  Martinent-Beaumont  A.  Study  of 
fuel  efficiency  in  a  direct  borohydride  fuel  cell.  J  Power  Sources  2008;176: 
287-92. 

[569]  Kim  C,  Kim  K-J,  Ha  MY.  Performance  enhancement  of  a  direct  borohydride 
fuel  cell  in  practical  running  conditions.  J  Power  Sources  2008;180:154-61. 

[570]  Kim  C,  Kim  K-J,  Ha  MY.  Investigation  of  the  characteristics  of  a  stacked 
direct  borohydride  fuel  cell  for  portable  applications.  J  Power  Sources 
2008;180:114-21. 

[571]  Liu  BH,  Li  ZP,  Zhu  JK,  Suda  S.  Influences  of  hydrogen  evolution  on  the  cell 
and  stack  performances  of  the  direct  borohydride  fuel  cell.  J  Power  Sources 
2008;183:151-6. 

[572]  Liu  BH,  Li  ZP,  Suda  S.  Development  of  high  performance  planar  borohy¬ 
dride  fuel  cell  modules  for  portable  applications.  J  Power  Sources  2008;175: 
226-31. 

[573]  Liu  BH,  Li  ZP,  Suda  S.  A  study  on  performance  stability  of  the  passive  direct 
borohydride  fuel  cell.  J  Power  Sources  2008;185:1257-61. 

[574]  Luo  N,  Miley  GH,  MatherJ,  Burton  R,  Hawkins  G,  Byrd  E,  et  al.  Engineering  of 
the  bipolar  stack  of  a  direct  NaBH4  fuel  cell.  J  Power  Sources  2008 ;  1 85 : 356-62. 

[575]  Luo  N,  Miley  GH,  Kim  K-J,  Burton  R,  Huang  X.  NaBH4/H202  fuel 
cells  for  air  independent  power  systems.  J  Power  Sources  2008;  185: 
685-90. 

[576]  Ma  J,  Liu  Y,  Zhang  P,  Wang  J.  A  simple  direct  borohydride  fuel  cell  with  a  cobalt 
phthalocyanine  catalyzed  cathode.  Electrochem  Commun  2008;10:100-2. 

[577]  Ma  J,  Liu  Y,  Liu  Y,  Yan  Y,  Zhang  P.  A  membraneless  direct  borohydride  fuel  cell 
using  LaNiCU -catalysed  cathode.  Fuel  Cells  2008;8:394-8. 

[578]  Ponce  De  Leon  C,  Walsh  FC,  Bessette  RR,  Patrissi  CJ,  Medeiros  MG,  Rose  A,  et  al. 
Recent  developments  in  borohydride  fuel  cells.  ECS  Trans  2008;15:25-49. 

[579]  Ponce-de-Leon  C,  Walsh  FC,  Patrissi  CJ,  Medeiros  MG,  Bessette  RR,  Reeve 
RW,  et  al.  A  direct  borohydride-peroxide  fuel  cell  using  a  Pd/Ir  alloy  coated 
microfibrous  carbon  cathode.  Electrochem  Commun  2008;10:1610-3. 

[580]  Qin  HY,  Liu  ZX,  Yin  WX,  Zhu  JK,  Li  ZP.  A  cobalt  polypyrrole  composite 
catalyzed  cathode  for  the  direct  borohydride  fuel  cell.  J  Power  Sources 
2008;185:909-12. 

[581]  Qin  HY,  Liu  ZX,  Yin  WX,  Zhu  JK,  Li  ZP.  Effects  of  hydrazine  addition  on  gas 
evolution  and  performance  of  the  direct  borohydride  fuel  cell.  J  Power  Sources 
2008;185:895-8. 

[582]  Romer  MC,  Miley  GH,  Luo  N,  Gimlin  RJ.  Ragone  plot  comparison  of  radioiso¬ 
tope  cells  and  the  direct  sodium  borohydride/hydrogen  peroxide  fuel  cell 
with  chemical  batteries.  IEEE  Trans  Energy  Convers  2008;23:171-8. 

[583]  Santos  DMF,  Sequeira  CAC.  Zinc  negative  electrode  for  direct  borohydride  fuel 
cells.  ECS  Trans  2008;16:123-37. 

[584]  Selvarani  G,  Prashant  SK,  Sahu  AK,  Sridhar  P,  Pitchumani  S,  Shukla  AK.  A  direct 
borohydride  fuel  cell  employing  Prussian  Blue  as  mediated  electron-transfer 
hydrogen  peroxide  reduction  catalyst.  J  Power  Sources  2008;178:86-91. 

[585]  Wang  G-J,  Gao  Y-Z,  Wang  Z-B,  Cai  K-D,  Zhang  J,  Yin  G-P.  Discharge  charac¬ 
teristics  of  direct  sodium  borohydride  fuel  cells  under  different  operation 
conditions.  Gao  Xiao  Hua  Xue  Gong  Cheng  Xue  Bao/J  Chem  Eng  Chin  Univ 
2008;22:666-71. 

[586]  Wang  G,  Lan  J,  Cao  D,  Sun  K.  Recent  advance  in  research  on  direct  NaBH4/H202 
fuel  cells.  J  Chem  Ind  Eng  (China)  2008;59:805-13. 

[587]  Wei  J,  Wang  X,  Yi  S,  Dai  C,  Li  N.  Direct  borohydride  fuel  cell.  Prog  Chem 
2008;20:1427-32. 

[588]  Yang  C-C,  Li  YJ,  Chiu  S-J,  Lee  K-T,  Chien  W-C,  Huang  C-A.  A  direct  borohydride 
fuel  cell  based  on  poly(vinyl  alcohol)/hydroxyapatite  composite  polymer 
electrolyte  membrane.  J  Power  Sources  2008;184:95-8. 

[589]  Cao  D,  Chen  D,  Lan  J,  Wang  G.  An  alkaline  direct  NaBH4-H202  fuel  cell  with 
high  power  density.  J  Power  Sources  2009;190:346-50. 

[590]  Choudhury  NA,  Prashant  SK,  Pitchumani  S,  Sridhar  P,  Shukla  AK.  Poly  (vinyl 
alcohol)  hydrogel  membrane  as  electrolyte  for  direct  borohydride  fuel  cells. 
J  Chem  Sci  2009;  1 21 :647-54. 

[591]  Jamard  R,  Salomon  J,  Martinent-Beaumont  A,  Coutanceau  C.  Life  time  test  in 
direct  borohydride  fuel  cell  system.  J  Power  Sources  2009;193:779-87. 

[592]  Khadke  PS,  Sethuraman  P,  Kandasamy  P,  Parthasarathi  S,  Shukla  AK.  A  self- 
supported  direct  borohydride-hydrogen  peroxide  fuel  cell  system.  Energies 
2009;2:190-201. 

[  593  ]  Kiran  V,  Srinivasan  S.  A  short  review  on  direct  borohydride  fuel  cells.  J  Indian 
Inst  Sci  2009;89:447-54. 

[594]  Lam  VWS,  Alfantazi  A,  Gyenge  EL.  The  effect  of  catalyst  support  on  the  per¬ 
formance  of  PtRu  in  direct  borohydride  fuel  cell  anodes.  J  Appl  Electrochem 
2009;39:1763-70. 

[595]  Liu  BH,  Li  ZP.  Current  status  and  progress  of  direct  borohydride  fuel  cell 
technology  development.  J  Power  Sources  2009;187:291-7. 

[596]  Liu  Y,  MaJ,  LaiJ,  Liu  Y.  Study  of  LaCoCU  as  a  cathode  catalyst  for  a  membrane¬ 
less  direct  borohydride  fuel  cell.  J  Alloys  Compd  2009;488:204-7. 

[597]  Towne  S,  Carella  M,  Mustain  WE,  Viswanathan  V,  Rieke  P,  Pasaogullari  U,  etal. 
Performance  of  a  direct  borohydride  fuel  cell.  ECS  Trans  2009;25/l :  1951 -7. 

[598]  Urian  RC.  Expanded  3D  electrode  architecture  for  low  temperature  liquid  fuel 
cells.  Mater  Res  Soc  Symp  Proc  2009;1168:7-12. 


D.M.F.  Santos,  C.A.C.  Sequeira  /  Renewable  and  Sustainable  Energy  Reviews  15  (201  \ )  3980-4001 


4001 


[599]  Wei J,  Wang X,  Wang Y,  Guo J,  He  P,  Yang  S,  et al.  Carbon-supported  au  hollow 
nanospheres  as  anode  catalysts  for  direct  borohydride-hydrogen  peroxide 
fuel  cells.  Energy  Fuels  2009;23:4037-41. 

[600]  Cao  D,  Gao  Y,  Wang  G,  Miao  R,  Liu  Y.  A  direct  NaBH4-H202  fuel  cell  using 
Ni  foam  supported  Au  nanoparticles  as  electrodes.  Int  J  Hydrogen  Energy 
2010;35:807-13. 

[  601  ]  Celik  C,  Boyaci  San  FG,  Sarac  HI.  Improving  the  direct  boro  hydride  fuel  cell  per¬ 
formance  with  thiourea  as  the  additive  in  the  sodium  borohydride  solution. 
Int  J  Hydrogen  Energy  2010;35:8678-82. 

[602]  Celik  C,  San  FGB,  Sarac  HI.  Influences  of  sodium  borohydride  concen¬ 
tration  on  direct  borohydride  fuel  cell  performance.  J  Power  Sources 
2010;195:2599-603. 

[603]  Duan  D,  Sun  Y.  Anode  electrocatalysts  and  reaction  mechanism  for  direct 
borohydride  fuel  cell.  Prog  Chem  2010;22:1720-8. 

[604]  Haijun  W,  Cheng  W,  Zhixiang  L,  Zongqiang  M.  Influence  of  operation  con¬ 
ditions  on  direct  NaBH4/H202  fuel  cell  performance.  Int  J  Hydrogen  Energy 
2010;35:2648-51. 

[605]  Jamaludin  A,  Ahmad  Z,  Ahmad  ZA,  Mohamad  AA.  A  direct  borohydride 
fuel  cell  employing  a  sago  gel  polymer  electrolyte.  Int  J  Hydrogen  Energy 
2010;35:11229-36. 

[606]  Li  S,  Liu  Y,  Liu  Y,  Chen  Y.  Study  of  CoO  as  an  anode  catalyst  for  a  membraneless 
direct  borohydride  fuel  cell.  J  Power  Sources  2010;195:7202-6. 

[607]  Liu  Y,  Liu  Y,  Ma  J,  Lai  J.  Lai_xSrxCo03  (x  =  0. 1-0.5)  as  the  cathode  catalyst  for  a 
direct  borohydride  fuel  cell.  J  Power  Sources  2010;195:1854-8. 

[608]  Lux  S,  Gu  L,  Kopec  G,  Bernas  R,  Miley  G.  Water  management  issues  for  direct 
borohydride/peroxide  fuel  cells.  J  Fuel  Cell  Sci  Technol  2010;7:0245011-5. 

[609]  Ma  J,  Choudhury  NA,  Sahai  Y.  A  comprehensive  review  of  direct  borohydride 
fuel  cells.  Renew  Sustain  Energy  Rev  2010;14:183-99. 


[610]  Ma  J,  Sahai  Y,  Buchheit  RG.  Direct  borohydride  fuel  cell  using  Ni-based  com¬ 
posite  anodes.  J  Power  Sources  2010;195:4709-13. 

[611]  Ni  X,  Liu  Y,  Wang  Y,  Pan  M.  Study  on  La203  as  a  cathode  catalyst  for  direct 
borohydride  fuel  cell.  Zhongguo  Xitu  Xuebao/J  Chin  Rare  Earth  Soc  2010;28: 
501-4. 

[612]  Ni  X,  Wang  Y,  Cao  YL,  Ai  XP,  Yang  HX,  Pan  M.  A  highly  efficient  and 
BH4_-tolerant  EU2O3 -catalyzed  cathode  for  direct  borohydride  fuel  cells. 
Electrochem  Commun  2010;12:710-2. 

[613]  Pei  F,  Wang  Y,  Wang  X,  He  P,  Chen  Q  Wang  X,  et  al.  Performance  of  supported 
Au-Co  alloy  as  the  anode  catalyst  of  direct  borohydride-hydrogen  peroxide 
fuel  cell.  Int  J  Hydrogen  Energy  2010;35:8136-42. 

[614]  Qin  H,  Liu  Z,  Lao  S,  Zhu  J,  Li  Z.  Influences  of  carbon  support  on  the  electro¬ 
catalysis  of  polypyrrole-modified  cobalt  hydroxide  in  the  direct  borohydride 
fuel  cell.  J  Power  Sources  2010;195:3124-9. 

[615]  Qin  H,  Liu  Z,  Guo  Y,  Li  Z.  The  affects  of  membrane  on  the  cell  performance  when 
using  alkaline  borohydride-hydrazine  solutions  as  the  fuel.  Int  J  Hydrogen 
Energy  2010;35:2868-71. 

[616]  Santos  DMF,  Sequeira  CAC.  Zinc  anode  for  direct  borohydride  fuel  cells.  J 
Electrochem  Soc  2010;157:B13-9. 

[617]  Sakamoto  Y,  Hoshi  N,  Murooka  S,  Cao  M,  Yoshizaki  A.  Basic  study  on 
fuel-cell-hybrid-electric-vehicle  fueled  by  sodium  borohydride.  Proc  IPEC 
2010;2010:814-9. 

[618]  Wang  G-J,  Gao  Y-Z,  Wang  Z-B,  Du  C-Y,  Yin  G-P.  A  membrane  electrode  assem¬ 
bly  with  high  fuel  coulombic  efficiency  for  passive  direct  borohydride  fuel 
cells.  Electrochem  Commun  2010;12:1070-3. 

[619]  Wang  Y,  He  P,  Zhou  H.  A  novel  direct  borohydride  fuel  cell  using 
an  acid-alkaline  hybrid  electrolyte.  Energy  Environ  Sci  201 0;3: 
1515-8. 


